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This thesis aims to investigate the effect of surface functionalization on 
the properties of two-dimensional (2D) transition metal dichalcogenides 
(TMDCs),   with particular emphasis on molybdenum disulfide (MoS2), a 
representative member of 2D TMDCs family. Both electrical and optical 
properties are characterized by complementary methods, including in-situ 
bottom-gated MoS2 field-effect transistors (FETs) device characterization, in-
situ ultraviolet photoelectron spectroscopy/X-ray photoelectron spectroscopy 
(UPS/XPS) measurements, and Raman/photoluminescence (PL) 
measurements, together with various state-of-the-art surface analysis 
techniques. We aim to investigate unique electronic and optical properties of 
surface-modified MoS2 and to further extend its potential applications.  
We begin with an investigation of the effects of C60, molybdenum 
trioxide (MoO3), cesium carbonate (Cs2CO3) on the modulation of MoS2 
properties through the combination of in-situ bottom-gated MoS2 FETs device 
characterization and in-situ UPS and XPS measurements. It is found that 
negligible charge transfer takes place at the C60/MoS2 interface, making C60 as 
good surface protection layer for MoS2 FET devices. In contrast, the MoO3 
decoration layer depletes the electron charge carriers in MoS2, and hence 
greatly modulates the transport properties and boosts the photoluminescence 
of MoS2. We also found that the electron charge carrier concentration 
increases dramatically due to the decoration by Cs2CO3. The dopant electrons 
strongly interact with photoexcited electron-hole pairs, leading to the 




experiment shows that the n-type doping effect by Cs2CO3 has good air 
stability, which is crucial for the practical applications of MoS2-based devices. 
Our results suggest that chemical doping via surface functionalization has 
great advantages in controlling the electronic and photoluminescence 
properties of single layer MoS2.  
Plasmonic metal nanostructures can be functionalized on 2D materials to 
further manipulate the optical and electronic properties. We demonstrate that, 
by combining MoS2 with plasmonic gold nanoparticles (Au NPs), the 
photocurrent of MoS2 based phototransistor can be largely enhanced. The 
wavelength-dependent photocurrent enhancement in MoS2 device is caused by 
the localized surface plasmon in Au NPs, which gives rise to the enhancement 
of local optical field and thus resonant light absorption of the underlying MoS2 
layer. Au plasmonic nanostructures can also be directly fabricated on the 
MoS2 via e-beam lithography techniques. In this case, a direct physical contact 
between Au and MoS2 is established. Here, we also systematically investigate 
the effect of the Au/MoS2 interface formation on the electronic and electrical 
transport properties of MoS2 through the combination of in-situ FET 
characterization and in-situ UPS/XPS measurements. We found that Au atoms 
aggregate and form nanoclusters with average diameter of 25 nm on MoS2 and 
weakly interact with the underlying single layer MoS2, without any obvious 
interfacial chemical intereactions. Our systematic study of the interface 
properties between Au nanoclusters and MoS2 should have important 
implications for MoS2-based hybrid devices. 
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Chapter 1 Introduction 
 
Many materials built up from layers are held together by weak van der 
Waals force. Due to this weak interaction, rather than a strong interlayer bond, 
it is possible to exfoliate atomically thin layers from bulk material1. There are 
many other well-known two-dimensional (2D) materials2, such as graphene3,4, 
transition metal dichalcogenides (TMDCs)1,5, hexagonal boron nitride6, and 
some oxide materials like vanadium oxide derivatives7. TMDCs are a class of 
materials with stoichiometry MX2, where M is a transition metal of group IV, 
group V or group VI, and X a chalcogen. The properties of monolayer 
TMDCs are different from but complementary to those of graphene8. Despite 
the high mobility of graphene, one challenge is the absence of a bandgap, 
which leads to low on/off ratios in graphene-based field effect transistors9-12. 
To open a bandgap, many methods have been adopted, including using 
graphene nanostructures and chemical functionalization by molecules13,14. 
However, these methods always reduce the mobility of graphene and are 
difficult for large scale production.  In contrast, many TMDCs naturally have 
bandgaps of around 1 to 2 eV15,16. Moreover, intensive research efforts have 
been devoted to the layer-dependent phenomena of TMDCs. The bandgaps of 
TMDCs can be tuned from indirect to direct bandgaps when TMDCs are 
reduced to monolayer17. This property promises many applications such as 




In the following section, we will present a detailed literature review for 
2D TMDCs, including the electronic, optical and vibrational properties of 
TMDCs, 2D TMDCs-based device applications and recent progresses on 
surface functionalization of TMDCs.   
1.1 2D TMDCs: background and literature review 
1.1.1 Synthesis of 2D TMDCs 
Preparation of monolayer or few-layer 2D TMDCs with high quality is 
essential for fundamental research and practical applications. Adhesive tape 
based micromechanical exfoliation, originally developed for graphene20, is the 
primary method for preparing 2D materials21-25. 2D TMDC flakes are ripped 
off from bulk crystals with adhesive tape and are then transferred to all forms 
of substrate. 2D TMDC flakes prepared by this method are of high quality, as 
during the preparation process, impurities and defects can be avoided. 
Therefore, micromechanical exfoliation is widely employed in fundamental 
research for device fabrication. However, the 2D TMDC flakes produced via 
the micromechanical exfoliation are small in size (often in the order of several 
micrometers) with low output and lack of control of layer numbers.  
In order to obtain large quantities of exfoliated flakes, many methods 
have been developed, such as liquid phase preparation and intercalation 
assisted exfoliation26-30. Liquid phase preparation, which simply involves 
direct dispersion and ultrasonication of TMDCs, faces challenge in achieving 
high-yield production of monolayer TMDC flakes. In contrast, the 
intercalation of ionic species among the layers of TMDC crystal makes layers 




very suitable for high-yield production of 2D TMDCs. However, exfoliated 
flakes produced by these methods exhibit different structures and properties 
compared with bulk crystals due to the adsorption of liquid and ionic species 
during the chemical exfoliation process. 
 
Figure 1.1 (a) Schematic illustration for the experimental set-up of CVD 
process to grow MoS2. (b) The optical microscopy images of the MoS2 layers 
grown on the substrate. (c) Schematic illustration of the two-step thermolysis 
process for the synthesis of MoS2 thin layers on insulating substrates. The 
precursor (NH4)2MoS4 was dipcoated on SiO2/Si or sapphire substrates 
followed by the two-step annealing process. The as-grown MoS2 film can be 
transferred onto other arbitrary substrates. (d) Schematic representation of the 
experimental setup used for the synthesis of WS2 films involving high 
temperature treatments under a sulfur/argon environment at low pressure (450 
mTorr). (e) Photograph of a WS2 film on a SiO2/Si substrate, exhibiting the 
high optical contrast and color change (films appear in a cyan color upon 
contrast with the SiO2 substrate). (a) and (b) reprinted from ref. 35, with 
permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, 
Copyright 2012; (c) reprinted from ref. 34, with permission from American 
Chemical Society, Copyright 2012; (d) and (e) reprinted from ref. 36, with 




The size of the TMDC flakes prepared by the aforementioned methods is 
often very small. For electronic and photonic applications, it is essential to 
develop methods for preparing large area and uniform TMDCs. Chemical 
vapour deposition (CVD) is most promising for synthesizing large scale 
TMDC layers. Utilizing similar techniques developed for graphene31-33, 
several CVD methods for preparing large area 2D TMDCs on different 
substrates have recently been reported34,35.  
Yi-Hsien Lee35 et al. realized synthesis of molybdenum disulfide (MoS2) 
layers directly on SiO2/Si substrate using molybdenum trioxide (MoO3) and 
Sulfur (S) powders as precursors (Figure 1.1a and 1.1b). Subsequently, Keng-
Ku Liu34 et al. succeeded in synthesizing large-area MoS2 thin layers on 
insulating substrates using thermally decomposed ammonium thiomolybdate 
layer and S (Figure 1.1c). A controlled thermal reduction-sulfurization method 
has also been applied to synthesize large-area WS2 sheets (Figure 1.1d and 
1.1e)36.  For these methods, the thickness of the resulting layers depends on 
the initial precursors, and therefore, the number of outcome layers is not 
precisely controllable. Therefore, more research efforts are needed to realize 






1.1.2 Electronic, optical and vibrational properties of TMDCs 
 
Electronic structure 
The band structures of many TMDCs have been calculated by using first 
principles and tight-binding approximation approaches and verified by 
spectroscopic measurements15-17,37-49. Many TMDCs have similar band 
structures due to their analogous crystal lattice structures, as shown in Figure 
1.2a46. The bulk 2D TMDCs crystals consist of layered X-M-X sheets bonded 
by the weak van der Walls force. Each sheet comprises one intermediate 
hexagonal sheet of transition metal atoms sandwiched by two hexagonal 
planes of chalchogen atoms through strong covalent bonding. The calculated 
indirect band gaps of bulk TMDCs (four examples: MoS2, MoSe2, WSe2 and 
WS2) are shown in Figures 1.2 b-e46. The conduction band minima locate 
between the Γ and K high symmetry points, and the valence band maxima at 
the Γ point.  
The band structures depend on the number of layers. All TMDCs are 
expected to undergo a similar band structure transition with decreasing layer 
numbers (Figure 1.2 f-i)46. For monolayer TMDCs, both conduction band 
minima and valence band maxima are located at the K point, indicating a 
transition from the indirect bandgap in bulk to the direct bandgap in the 
monolayer form. This bandgap transition originates from quantum 
confinement15,50. Density functional theory calculation17 shows that the 
structures near K-point are relatively unchanged with respect to layer numbers, 
but the band structures near Γ-point alter dramatically, leading to the transition 




distinct transition in the band structure has been reported using in-situ angle-
resolved photoemission spectroscopy (ARPES)40.  Recently, Zhang et al. 
reported the first direct observation of bandgap transition of MoSe2 films 
grown by molecular beam epitaxy (MBE)40. Figure 1.2 j-m present the 
second-derivative ARPES spectra of monolayer, bilayer, trilayer and 8 ML 
MoSe2 films, respectively40. In particular, the quantum confinement effect can 
be seen around the top valence band at the Γ point. There is only one band 
above the binding energy of -2 eV at the Γ point for monolayer MoSe2 film. 
This band evolves into two branches in the bilayer film, and then to three 
branches in the trilayer film. Similarly, the 8 ML film should have eight 
branches according to the calculation, but only two main, broad branches can 
be observed due to the limited resolution. Moreover, the combined effects of 
the spin-orbit coupling and inversion symmetry-breaking lead to the clear 
spin-split bands only in the monolayer. The band structure of 2D TMDCs, 
especially the transition of bandgap, have a significant impact on photonic and 







Figure 1.2 (a) Side and top view of crystal structure of MX2. (b)-(e) 
Calculated electronic band structures of bulk MoS2, MoSe2, WSe2 and WS2, 
respectively. (f)-(i) Calculated electronic band structures of monolayer MoS2, 
MoSe2, WSe2 and WS2, respectively. (j)-(m) Second-derivative ARPES 
spectra of monolayer, bilayer, trilayer and 8 ML MoSe2 thin films along the 
Γ–K direction. Yellow dashed lines indicate the Fermi levels. (a)-(i) reprinted 
from ref. 46, with permission from EDP Sciences, SIF, Springer-Verlag Berlin 
Heidelberg, Copyright 2012; (j)-(m) reprinted from ref. 40, with permission 




The effect of the bandgap transition on optical properties in 2D TMDCs 
has been investigated through optical reflection, Raman scattering, 




Particularly, strong PL emission emerges in monolayer 2D TMDCs as a result 
of the transition from indirect to direct bandgap semiconductor51-55. For free 
standing MoS2, an increase of the PL quantum yield (QY) by a factor of more 
than 104 was reported for the monolayer form compared with the bulk form 
(QY was estimated to be about 10-5-10-6 for few-layer MoS2 samples, while as 
high as 4 × 10-3 was reported for monolayer MoS2 samples, as shown in 
Figure 1.3a)17. Strong PL emissions of monolayer MoSe2, WSe2 and WS2 have 
also been detected, indicating the formation of direct gap semiconductors 
(Figures 1.3 b-d)56. Two pronounced luminescence emission peaks can be 
observed for these four kinds of 2D TMDCs, known as A and B excitonic 
transitions. The two peaks are associated with direct optical transitions at the 
Brillouin zone K point from the highest spin-split valence bands to the lowest 
conduction bands57. The splitting in valence band maximum at the K point 
originates predominately from the combined effect of interlayer coupling and 





Figure 1.3 (a) PL spectra for monolayer and bilayer MoS2 samples in the 
photon energy range from 1.3 to 2.2 eV. Inset left: PL QY of thin layer for N= 
1-6. Inset right: Representative optical image of mono-and few-layer MoS2 
crystals on a silicon substrate with etched holes of 1.0 and 1.5 µm in diameter. 
(b) PL spectra of monolayer and few-layer MoSe2. (c) PL spectra of 
monolayer and few-layer WSe2. (d) PL intensities for 1L, 2L, 3L, and bulk 
WS2 using the 488nm excitation laser line. The positions for the excitons A 
and B as well as the indirect band gap (I) are labeled. (a) reprinted from ref.17, 
with permission from the American Physical Society, Copyright 2010; (b)-(d) 
reprinted from ref 56, with permission from OSA.   
 
Previous reports have shown that the room temperature PL intensity of 
MoS2 differs on different substrates. For instance, the PL intensity of 
monolayer MoS2 directly grown on mica (Figure 1.4 a)59 was relatively 
stronger compared to that of MoS2 transferred on SiO2/Si substrate. This could 
possibly arise from the enhanced charge trapping at the interface between the 
SiO2/Si substrate and the MoS2 layer. It is highly desirable to have deeper 
understanding of the origin of this PL intensity degradation, to find a way to 




the further application of 2D TMDCs in optoelectronics.  The PL QY of 2D 
TMDCs can also be altered in field-effect transistors (FETs) configuration by 
applying a voltage to the Si back gate60,61. In this case the electron density in 
the 2D TMDCs channel can be systematically varied. When the electron 
density increased, excess electrons bind to photoexcited electron-hole pairs 
and form trions, which are quasiparticles consisting of two electrons and a 
hole (inset in Figure 1.4b)60,62,63, leading to a reduction of photoluminescence. 
The identification of tightly bound negative trions in monolayer MoS2 FET 
has recently been demonstrated by Mak et al. (Figs. 1.4 b and c)60. The PL 
peak A of MoS2 consists of two features, a prominent exciton feature (A) and 
a lower energy feature labeled as A-1, which arise from the tightly bound 
negative trions. The PL of MoS2 is highly dependent on gate voltage. Whereas 
the trion feature (A-1) in PL peak is almost gate independent, the exciton 
feature (A) in the PL peak varies by nearly two orders of magnitude, 
consistent with the Ids-Vds dependence (Figure 1.4 c). 
Raman modes of 2D TMDCs also exhibit well-defined thickness 
dependence. The peak positions, line widths, and intensities of the vibrational 
modes are strongly related to the thickness of 2D TMDCs, which makes 
Raman spectroscopy a convenient and powerful tool for determining layer 
number with atomic-level precision64-68. Theoretical analysis64 predicts three 
in-plane Raman active modes (E1g, E12g and E22g) and one out-of-plane Raman 
active mode A1g. For most of 2D TMDCs, only two strong signals from the 
E12g and A1g vibrations can be observed.  Raman spectroscopy of single layer 
MoS2 exhibits two peaks located at about 384 cm-1 and 403 cm-1, associated 




A1g, respectively37. With an increasing number of layers, the two modes shift 
away from each other (the frequency of the E12g mode decreases; while that of 
the A1g mode increases). The blue shift of A1g mode is attributed to the 
increase in the effective restoring forces acting on the atoms by the interlayer 
van de Waals interaction; while the red shift of E12g mode originates from the 
presence of the long-range Coulombic interlayer interaction in MoS2. The 
vibration modes in MoSe2 show similar behaviors as that of MoS2. For 
instance, the vibration frequency of the in-plane E12g mode of MoSe2 exhibit  
similarly stiffening with decreasing numbers of layers56.  Interestingly, the A1g 
mode of MoSe2, located at lower wavenumbers (in the range of 240-242.5 cm-
1) compared to MoS2, splits into more peaks when increasing the layer 
numbers to three and above. The observed thickness dependence splitting is 
identified as the Davydov splitting, which arises from a varied number of π-
phase shifts of 180° between layers. Two nearby layers vibrating in phase 
leads to a blue shift towards higher frequencies; while two nearby layers 
vibrating out of phase results in a red shift towards lower frequencies. 
Therefore, for three layers MoSe2, the in-phase and out-of-phase part of out of 
plane modes will separate and the peak splits into two. It is worth mentioning 
that, unlike the other members of 2D TMDCs, the A1g and E12g modes are 
degenerate in thin WSe2 layers56, resulting in one single Raman peak. 
However, this degeneracy can be easily lifted by applying a small uniaxial 





Figure 1.4 (a) PL spectra of the transferred MoS2 on SiO2/Si substrate and 
mica. The PL intensity of the B excitonic peak is 5-fold amplified for clarity. 
(b) and (c) Excitons and trions at room temperature in monolayer MoS2. (b) 
Photoluminescence spectra at different back-gate voltages. Both the neutral 
exciton (A) and trion (A-1) features (with the corresponding resonance 
energies indicated by the dashed lines) can be identified, although the 
resonances are significantly broadened. Inset: representation of the 
dissociation of a trion into an exciton and an electron at the Fermi level. (c) 
Dependence on gate voltage of the drain–source current (right) and the 
integrated photoluminescence intensity of the A and A-1 features and their 
total contribution (left). (d) Raman spectra of thin (nL) and bulk MoS2 films. 
The solid line for the 2L spectrum is a double Voigt fit through data (circles 
for 2L, solid lines for the rest). (e) Raman spectra of bulk and few-layer 
MoSe2. Labels ‘1L’ – ‘5L’ indicate the number of layers. Raman spectra are 
vertically displaced for clarity. (a) reprinted from ref. 59, with permission 
from American Chemical Society, Copyright 2013; (b) and (c) reprinted from 
ref. 60, with permission from Nature Publishing Group, Copyright 2012; (d) 
reprinted from ref. 37, with permission from American Chemical Society, 





1.1.3 Device applications for 2D TMDCs 
 
2D TMDCs FET 
2D TMDCs, especially MoS2, are attractive as a channel material in FETs 
because of its large intrinsic bandgap and other unique features, such as the 
absence of dangling bonds, high thermal stability, and the planarity for easily 
fabricating complex device structure1,69. In 2004, V. Podzorova and M. E. 
Gershenson reported the earliest study on fabrication of FETs based on 2D 
TMDCs70. The reported WSe2-based ambipolar FETs exhibits low field-effect 
threshold, large on/off ratio exceeding 104 at low temperature and room-
temperature mobility up to 500 cm2 V-1s-1 for holes (p-type channel), which is 
comparable to the mobility in most Si MOSFETs. Following the similar 
strategy, ultrathin WS2 transistors71 based on chemically synthesized 
multilayer material and ultrathin MoSe2 transistors72 based on mechanically 
exfoliated flakes have also been fabricated and characterized. The Schottky-
barrier devices of WS271 show clear ambipolar behavior with high on/off (~105) 
current ratios and current saturation at room temperature. The n-type MoSe2 
FETs72 exhibit good gate controllability with on/off ratios larger than 106 and 
room-temperature mobility of ~50 cm2 V-1s-1. 
As far as MoS2 is concerned, the field effect mobility for monolayer 
MoS2 was found to be lower than 10 cm2 V-1s-1 in common back-gated FET 
configuration with SiO2 as dielectric73, which is too low for practical 
applications. Such low room-temperature mobility in MoS2 devices is caused 




substrate74. In 2011, B. Radisavljevic and his collaborators made a 
breakthrough in top-gate single-layer MoS2 transistors, as shown in Figure 1.5 
a75. After that, enormous academic interest has been attracted, leading to 
emerging device applications based on 2D TMDCs. In their work, a 30 nm 
hafnium oxide (HfO2) dielectric was used to realize a good-performance 
single-layer MoS2 with high room temperature mobility (at least 200 cm2 V-1s-
1), excellent current on/off ratio larger than 1 × 108, and low subthreshold 
swing of about 74 mV/decade. The adoption of top gate makes it possible to 
control charge density locally, leading to a large degree of current control of 
their devices. Their work suggested the mobility enhancement could also be 
attributed to reduction of Coulomb scattering after deposition of high-к 
dielectric (HfO2) and possible modification of phononic dispersion relation. 
More interestingly, the charge carrier density can be tuned up to ~3.6 × 
1013cm-2 in dual-gate monolayer MoS2 (both using the top gate and SiO2 
dielectrics). This high level of doping also induces the transition from the 
insulating to the metallic phase of monolayer MoS2 due to strong electron-
electron interactions.  
Inspired by these works, researchers in this field are interested in how 
good monolayer MoS2 transistors can be76. Recently, rigorous quantum 
transport simulations76 have been performed to estimate the ultimate 
performance limit that can be achieved in monolayer MoS2 based short 
channel transistors. The results indicate that an ideal top-gate MoS2 FET with 
15nm channel length exhibits a significant on/off ratio (>1010) and low sub-
threshold swing (~ 60 mV/decade) due to enhanced gate control. Although the 




the 200-500 cm2 V-1s-1 range) and is not comparable to that of graphene, the 
MoS2 based FETs still have unique advantage for numerous applications. For 
instance, the MoS2 transistors could be a better alternative for low power 
applications.  
 
FET Device optimization 
To compete with traditional channel materials for electronic applications, 
several aspects of 2D TMDCs require further understanding and optimization. 
One of the crucial aspects to optimize the performance of 2D TMDCs FETs is 
the selection of electrode materials. The performance of 2D TMDCs can 
strongly depend on the metal/semiconductor contact77-83. A significant 
Schottky barrier may form at the metal/semiconductor contact due to large 
band gaps of 2D TMDCs. Therefore, only thermally emitted electrons with 
energy over the Schottky barrier can pass through the contact, resulting in a 
high contact resistance and a low drive current. Moreover, the polarity of 
device operation is governed by the Schottky barrier height (and width) for 
carriers at the source electrode. A low Schottky barrier height to the 
conduction band of semiconductor yields electron injection into the channel, 
thereby leading to n-type characteristics. In contrast, a low Schottky barrier 
height to the valence band of semiconductor yields p-type FET operation. 
Normally, Ohmic contact without formation of Schottky barrier is needed to 




In order to determine the ideal metal contact (Ohmic contact), thorough 
theoretical and experimental studies of various metal contacts (such as  
aluminum Al, tungsten W, gold Au, platinum Pt, scandium Sc, titanium Ti, 
nickel Ni) have been performed77-81,84-86. For n-type MoS2 FET, these works 
conclude that contact metals with low work functions (WF) are suitable, as 
smaller Schottky barrier heights would form at metal/MoS2 interface, leading 
to efficiently electron injection into the conduction band. Sc (WF = 3.5eV) and 
Ti (WF = 4.3 eV) are representative examples of suitable electrodes material 
with very small Schottky barrier height of ~ 30 meV and ~50 meV, 
respectively (Figure 1.5 b and c)79. Recently, low work function metals like Sc 
have been employed to form improved contacts with 10nm MoS2, for which 
intrinsic field-effect mobility was found to be as high as 184 cm2V-1S-1 and 
can be further enhanced up to 700 cm2V-1S-1 by covering the top of the back-
gated MoS2 transistor with a thin layer of 15nm Al2O3. However, a large 
number of articles have utilized high work function metal gold (Au) and yet 
reported excellent n-type characteristic and claimed the Au/MoS2 contact to be 
Ohmic75. In fact, a high Schottky barrier forms at Au/MoS2 interface but the 
tunneling distance is very short due to the ultrathin 2D material. As a result, 
thermally assisted tunneling is remarkable through the contact87, leading to a 
linear dependence between source drain current and voltage. Another 
disadvantage of Au as contact material is that adsorption of Au on MoS2 is 
inhomogeneous to clusters and even nanostructures80. Such inhomogeneity 
may reduce the electron injection efficiency and introduces overheating at the 




In addition to the selection of ideal metal for electrodes material, 
adjustment of fixed metal to fulfill the application of 2D TMDCs is also 
important. For instance, optimizing the ferromagnetic contact (such as Co) to 
MoS2 is a critical step for realizing efficient spin injection and spin transport 
in MoS288. By introducing an MgO88 or TiO289 tunnel barrier between the Co 
contact and MoS2, the Schottky barrier height can be reduced, resulting in a 
reduction of the contact resistance and an improved transistor performance. 
Compared to the widely studied MoS2, studies focusing on metal contact with 
other 2D TMDCs are still very limited. One of the successful cases is high-
performance back-gated WSe2 FETs made by low resistance Ohmic contacts 
using indium (In), which shows n-type characteristics with high on-current 
and high electron mobility81. 
Another important approach to improve the device performance of 2D 
TMDCs is using better gate dielectrics to replace the conventional solid state 
dielectrics such as SiO2. As mentioned before, top gate with high-к dielectric 
(HfO275,90 or Al2O381,84) has been proven to be useful in optimizing the device 
properties drastically. Moreover, bottom-gated devices on different dielectrics 
also show large mobility dissimilarity. For example, MoS2 FETs fabricated on 
polymethyl methacrylate (PMMA) dielectric substrates show ambipolar 
behavior with a high room temperature mobility91.  In addition, ionic liquid 
gating has been applied on MoS2 and WS2 based FETs, yielding high-quality 
of the ambipolar transistor operation (Figure 1.5 d-f)92-94. Ionic liquid are 
binary organic salts that can form electric double layers at the interfaces 
between the ionic liquid and solid surface. The presence of the electric double 




strong band bending near the contacts, increasing the tunneling rate of both 
holes and electrons through the metal/semiconductor interface. Hence, the 
injection of both holes and electrons occurs via thermal-assisted tunneling 
rather than by thermal activation process. As a result, the few-layer MoS2 
ionic-liquid-FETs exhibit ambipolar behavior with a high on/off ratio > 107 
(104) for electrons (holes), a nearly ideal subthreshold swing (SS) of about 50 
mV/decade at 250 K, and significantly improved field-effect mobility  even up 
to 220 cm2V-1S-1 as the temperature decreases to 77 K92. Similarly, ionic liquid 
gated FETs based on WS2 thin flakes show stable and hysteresis-free 
ambipolar characteristics with very steep subthreshold slops for both electrons 
and holes, thanks to the perfect electrostatic coupling between the ionic liquid 
gate and the semiconductor channel94. The realization of ambipolarity in 2D 





Figure 1.5 (a) Local gate control of the MoS2 monolayer transistor.  Ids–Vtg 
curve recorded for a bias voltage ranging from 10 mV to 500 mV. 
Measurements are performed at room temperature with the back gate 
grounded. Top gate width = 4 mm; top gate length = 500 nm. The device can 
be completely turned off by changing the top gate bias from –2 to –4 V. For 
Vds = 10 mV, the Ion/Ioff ratio is 1× 106. For Vds = 500 mV, the Ion/Ioff ratio is 
1× 108 in the measured range while the subthreshold swing S = 74 mV/decade. 
Inset: Cross-sectional view of the structure of a monolayer MoS2 FET together 
with electrical connections used to characterize the device. A single layer of 
MoS2 (thickness, 6.5 Å) is deposited on a degenerately doped silicon substrate 
with 270-nm-thick SiO2. The substrate acts a back gate. One of the gold 
electrodes acts as drain and the other source electrode is grounded. The 
monolayer is separated from the top gate by 30 nm of ALD-grown HfO2. The 
top gate width for the device is 4 mm and the top gate length, source–gate and 
gate–drain spacing are each 500 nm. (b) Transport characteristics of 10 nm 
thin MoS2 back-gated transistors with Sc, Ti, Ni, and Pt metal contacts at 300 
K for VDS = 0.2 V. The inset shows the output characteristics of the 
corresponding devices for a gate voltage overdrive of 4.0−5.0 V. (c) The inset 
shows the actual line-up of metal Fermi level with the electronic bands of 
MoS2 flake based on the experimental data. (d) Schematic illustration of the 




characteristics of representative bilayer and trilayerMoS2 ionic-liquid-gated 
FETs measured at the drain-source bias Vds = 1 V. (f) Optical microscope 
image of a six-terminal Hall bar fabricated on a crystalline WS2 thin flake (the 
scale bar is 10 μm long), cross section of a WS2 ionic liquid-gated FET and 
transport characteristic of a WS2 ionic liquid-gated FET measured at VD = 0.1 
V as a function of gate voltage VG (sweep rate 10 mV/s). (a) reprinted from ref. 
75, with permission from Nature Publishing Group, Copyright 2011; (b) and 
(c) reprinted from ref. 79, with permission from American Chemical Society, 
Copyright 2012; (d) and (e) reprinted from ref. 92, with permission from 
American Chemical Society, Copyright 2013; (f) reprinted from ref. 93, with 
permission from American Chemical Society, Copyright 2012. 
 
Integrated Circuits based on 2D TMDCs FETs 
Since FETs made from 2D TMDCs show promising performance, significant 
achievements have been made in the growth of large-size 2D TMDCs (as 
introduced in section 1.1.1), making it possible to realize the large-scale 
device applications. Several researches have moved to the next important step, 
the realization of the logic operation based on 2D TMDCs and fabrication of 
fully integrated circuit. The first integrated circuit based on a 2D 
semiconductor MoS2 was reported by Radisavljevic et al. in 201195. They 
demonstrated that simple integrated circuits, composed of two transistors 
realized on the same crystal of monolayer MoS2, can be operated as the logic 
inverter. This is a basic logic element that outputs a voltage representing the 
opposite logic-level to its input (Figure 1.6 a)95. One of the important 
parameters of an inverter is the voltage gain, which is defined as the negative 
slope of the transition region in voltage transport curve. Both monolayer and 
bilayer MoS2 inverters exhibit a voltage gain higher than 4 and monolayer 
WSe2 based inverter shows a high gain of ~ 13, indicating that they are 
suitable for integration in arrays of logic gates95-97. NOR gate and NAND gate 




transistors in parallel or in series98. All possible logic operation can be 
constructed with a combination of these two gates. Moreover, a flip-flop 
memory element (SRAM) circuit has also been built from a pair of cross-
coupled inverters based on bilayer MoS2 (Figure 1.6 c)96. This storage cell can  
 
Figure 1.6 (a) Characteristics of the integrated MoS2 inverter. Output voltage 
as a function of the input voltage. Schematic drawing of the electronic circuit 
and the truth table for the NOT logic operation (inset). (b) Schematic 
illustration of an integrated five-stage ring oscillator circuit on MoS2 thin films, 
which is constructed by integrating 12 MoS2 FETs. Three distinct metal layers 
of the MoS2 IC are represented by M1,M2, and M3. M1 is directly in contact 
with the bilayer MoS2 thin film while M2 and M3 are the Pd and Al gate 
layers, respectively. Via holes are etched through the HfO2 dielectric layer to 
allow connections from M2 and M3 to M1. The fabricated ring oscillator 
circuit corresponding to the design above is shown in (d). (c) Optical 
micrograph of the NAND gate and the SRAM fabricated on the same bilayer 
MoS2 thin film. The corresponding schematics of the electronic circuits for the 
NAND gate and SRAM are also shown. (d) Optical micrograph of the ring 
oscillator constructed on a bilayer MoS2 thin film. (a) reprinted from ref. 95, 
with permission from American Chemical Society, Copyright 2011; (b)-(d) 





be set to logic state 1or 0 by introducing a low or high voltage to the input. 
After the switch at input is opened, the output remains the former logic state, 
suggesting the stable memory function. Interestingly, a ring oscillator has also 
been composed by cascading five inverter stages in a close loop chain (Figure 
1.6 b and d). The frequency performance of bilayer MoS2 based ring oscillator 
is quite good with the fundamental oscillation frequency being about 1.6 MHz 




2D TMDCs have emerged as an attractive material for next-generation 
untrathin optoelectronic devices due to advantages like relatively high earth 
abundance, strong photoluminescence, large excitonic effect, reduced 
dimensionality and large direct bandgap matching the visible spectrum29,69,99. 
In particularly, direct bandgap enables a high absorption coefficiency and 
efficient carrier excitation under illumination, making 2D TMDCs suitable for 
optoelectronic devices17. Limited by the topic of this thesis, we will only 
introduce photovoltaics and photodetection applications in this subsection.  
 
Phototransistors 
The most basic optoelectronic application of 2D TMDCs is acting as a 
conducting channel in phototransistors, where light is absorbed and converted 




work by Zongyou et al., who fabricated the mechanically exfoliated single-
layer MoS2 based phototransistor with photoresponsivity of ~7.5 mA/W, as 
shown in figure 1.7 a and b73. Phototransistor application has also been 
expanded to few-layer WS2 synthesized by chemical vapor deposition100. 
However, other 2D TMDCs have not been extensively studied for use in 
optoelectronics.  
Many mechanisms have been proposed to explain the photoresponse of 
2D TMDCs based phototransistor, such as photoconductivity, photovoltaic 
effect at semiconductor/electrode interface, and photo-thermoelectric effect. 
Various reports on the wavelength-dependent photocurrents of MoS2 based 
phototransistor indicate that interband photoexcitation in MoS2 accompanied 
by photoconductivity change is the dominant mechanism and an external 
applied electric field is required to separate the photogenerated carriers73,75. 
The photovoltaic effect in MoS2 devices has also been reported with electron-
hole pairs separated by the built-in potential from the space charge at the 
contacts101-103. Specifically, strong photo-thermoelectric effect has also been 
demonstrated in MoS2 based phototransistor with Ohmic contacts, which 
arises from the large mismatch between the Seebeck coefficients of the MoS2 
and electrodes (Figure 1.8 a and b)104. Light absorption accompanied by a 
temperature gradient at semiconductor/metal junction generates a photo-
thermal voltage that drives current through the device. Scanning photocurrent 
microscopy (SPCM) is useful method to identify the dominant photocurrent 
generation mechanisms, confirming that the observed photocurrents stem from 
interband excitation in the MoS2 rather than carrier generation in or heating of 




The external photoresponsivity, defined as the ratio of photocurrent and 
the incident illumination power, is one of the most important features for a 
phototransistor. Although single-layer MoS2 phototransistors give a higher 
photoresponsivity than that of graphene-based devices106-108, the former 
photoresponsivity is still too low for real device applications and needs to be 
enhanced. Phototransistors fabricated by few-layer MoS2 exhibit better 
photodetection capabilities (photoresponsivity > 100 mAW-1), but lose some 
low-dimensional electric properties109. In 2013, Oriol Lopez-Sanchez et al. 
demonstrated an ultrasensitive monolayer MoS2 phototransistor with an 
ultrahigh photoresesponsivity up to 880 AW-1 (Figure 1.7 c)110, which is 
attributed to reduced charge trap density by semiconductor/substrate 
engineering together with improved metal/semiconductor contact. Another 
import property for phototransistor is the range of spectral response. 
Monolayer MoS2 phototransistors have a spectral range from 680 to 400 nm73, 
but various optical sensor applications require a broader range of spectral 
response from UV to near-IR. Fortunately, the spectral response can be 
modulated by varying the thickness of semiconductor sheet, since the total 
number of layers controls the optical bandgap. Due to narrower bandgaps, 
phototransistors based on multilayer MoS2 have shown a wider spectral 
response than that of phototransistors based on monolayer MoS2109. As far as 
switching behavior is concerned, the rise and decay time of MoS2 based 
phototransistor are orders of magnitude longer than that for conventional 
phototransistor. Thus, further understanding and device optimization should be 
performed to improve the photocurrent dynamics. Generally, photodiodes 




one type of channel. However, 2D TMDCs based phototransistors, especially 
MoS2 phototransistors, consist of a simple n-type channel, making them easier 
to be fabricated than a p–n junction and therefore leading to reduced 
production expenses.  
 
Figure 1.7 (a) Photoswitching rate of photoswitching behavior of single-layer 
MoS2 phototransistor at Vds = 1 V, Plight = 80 μW. (b) Dependence of 
photoresponsivity on the gate voltage (Vds = 1 V, Plight = 80 μW). (c) 
Photoresponsivity of the MoS2 phototransistor, showing high sensitivity. The 
device exhibits a photoresponsivity of 880 AW-1 for an illumination power of 
150 pW (~24 µWcm-2) and shows a monotonous decrease with increasing 
illumination intensity due to the saturation of trap states present either in MoS2 
or at the MoS2/substrate interface. Inset: Three-dimensional schematic view of 
the single-layer MoS2 photodetector and the focused laser beam used to probe 
the device. (d) Band diagram of the monolayer MoS2 photodetector taking into 
consideration small Schottky barriers at the contacts. EF is the Fermi level 
energy, EC the minimum conduction band energy, EV the maximum valence 
band energy and FB the Schottky barrier height. There is no electrical current 
flowing under equilibrium conditions and no illumination. Photocurrent is 
generated under illumination and is the dominant channel current in the OFF 
state, with thermionic and tunnelling currents being negligible. Thermionic 
and tunnelling currents contribute in the ON-state of the device. (a) and (b) 
reprinted from ref. 73, with permission from American Chemical Society, 
Copyright 2012; (c) and (d) reprinted from ref 110, with permission with by 







Photodiodes, another type of photodetectors in addition to 
phototransistors, can efficiently separate photoexcited electron-hole pairs by 
built-in electric fields. The built-in electric field emerges in many kinds of 
junctions, such as metal-semiconductor based Schottky junctions and 
heterojunctions formed by stacking different semiconductor layers111-114. Few-
layer MoS2 based photodetector fabricated in metal-semiconductor-metal 
(MSM) geometry with Schottky contacts have been demonstrated with high 
responsivity of 0.57 A/W and detectivity, capable of high-temperature 
operation (Figure 1.8 c-e)115. In addition, the rise time and decay time of such 
MoS2 MSM photodetectors are estimated to be about 70 and 110 µs115, 
respectively, which are 3 orders of magnitude shorter than that of the first 
reported MoS2 phototransistor (~50 ms as shown in Figure 1.7 a)73. This 
boosted optical switching speed is attributed to fast carrier sweeping in the 
depletion regions under large electric fields of the Schottky barrier. 
Specifically, photogain up to 24 was achieved as photogenerated carriers drift 
toward the metal/semiconductor interface due to band bending and are trapped 
by the surface states at interfaces with metal contacts116. The photoresponse 
behavior could be further improved by modulating the Schottky barrier height 
as well as reducing metal contact spacing to increase the ratio of the depletion 
region. Moreover, recently reported photodetector based on vertically stacked 
heterostructures, such as graphene-MoS2117,118, graphene-MoS2-graphene119,120 
and graphene-MoS2-metal junctions120, can be fabricated to obtain highly 
efficient photocurrent generation and photodetection (gigantic responsivity 





Figure 1.8 (a-b) Schematic of the photoresponse mechanism in a device 
dominated by photo-thermoelectric effect. The conduction band is drawn in 
blue while the valence band is drawn in red. (c) Optical microscopic top-view 
image of the few-layer MoS2 MSM PDs. (d) High-resolution time response of 
MoS2 PDs measured at 5-V bias with Ilight = 2.0 × 104 W/m2.(e) Photogain and 
responsivity as a function of wavelength measured under a bias of 10 V. (a) 
and (b) reprinted from ref. 104, with permission from American Chemical 
Society, Copyright 2013; (c)-(e) reprinted from ref. 115, with permission from 
American Chemical Society, Copyright 2013. 
 
In addition to photodetector, another important application of the 
photodiode is solar cells based on photovoltaic effect. 2D TMDCs possess an 
extraordinary absorbance of 5-10% incident sunlight with subnanometer 
thickness (Figure 1.9 a)121. Such an absorbance is equivalent to that of 
approximately 50 nm thick Si, the most commonly used absorber in solar cells. 
The localized character of the electronic bands leads to the Van Hove 
singularities119 in the electronic density of states of 2D TMDCs, attributing to 
enhanced light absorption in these materials. This high optical absorption of 
2D TMDCs combined with the chemical stability and band gaps in the visible 
part of the spectrum makes such materials appealing for solar energy 




create a p-n junction to separate the electron-hole pairs. The combination of 
unique properties of each layer allows development of extremely efficient 
photovoltaic devices.  Theoretically, MoS2/graphene solar cells121 can realize 
photovoltaic operation by formation of a Schottky barrier and reach over 1% 
power conversion efficiency (PCE). MoS2/WS2 solar cells121 with a type-II 
heterojunction at the interface enable exciton dissociation and charge 
separation, expecting PCE values of 0.4-1.5%. Experimentally, 
graphene/WS2/graphene heterostructures exhibit extrinsic quantum efficiency 
(EQE) up to 30% (Figure 1.9 b)119; while graphene/MoS2/graphene 
heteostructures achieves a maximum EQE of 55% (Figure 1.9 c and d)120. 
However, significantly higher efficiencies need to be achieved for practical 
photovoltaic applications of 2D TMDCs. Various approaches can be applied 
for further enhancing light-mater interaction in 2D materials to improve 
efficiencies, such as utilization of surface plasmons or integration with 






Figure 1.9 (a) Absorbance of three TMD monolayers and graphene, 
overlapped to the incident AM1.5G solar flux. (b) The external quantum 
efficiency of graphene/WS2/graphene heterostructures is the ratio of the 
number of measured e-h pairs to the number of incident photons. Due to the 
small variation in optical absorption across this wavelength range, the data for 
different wavelengths collapse onto a single curve. Inset: Photocurrent 
measured with a 1.95-eV laser as a function of intensity. (c) Schematic 
illustration of the side view of the vertical heterostructures of graphene–
MoS2–graphene device, with the semiconducting multilayer MoS2 sandwiched 
between the GrT and GrB electrodes. Red and blue colours indicate electrons 
and holes, respectively. The silicon substrate can be used as a back-gate 
electrode with 300nm SiO2 as the dielectric layer. (d) Experimental current–
voltage characteristic of the vertical device in the dark (blue) and under 
illumination (red) by a focused laser beam (wavelength, 514 nm; power, 80 
mW; spot size, 1 mm). (a) reprinted from ref. 121, with permission from 
American Chemical Society, Copyright 2013; (b) reprinted from ref. 119, with 
permission from The American Association for the Advancement of Science, 
Copyright 2013; (c) and (d) reprinted from ref. 120, with permission from 






1.1.4 Surface functionalization of 2D TMDCs  
 
Although the field of 2D TMDCs based devices is expanding rapidly, 
studies on surface functionalization method for further optimization and 
expansion of device application are relatively few. For instance, strategies for 
achieving controllable complementary doping (i.e., both n-type and p-type), 
methods for tailoring threshold voltage for 2D TMDCs based FETs by surface 
functionalization will be required. In addition, contact doping for low contact 
resistances or adjusting the Schottky barrier heights is important for the 
operation of electronic and optical devices. Moreover, the ability to tune the 
bandgap of TMDCs with surface functionalization may allow optical 
absorption to be tuned in photovoltaic applications. Furthermore, 2D TMDCs 
based photodetectors can have short response times if the photogenerated 
carriers are separated and collected within a short distance by a built-in 
electric field, which can be achieved via homojunctions between differently 
doped regions in the semiconductor channel. In this section, we will first 
review substitutional doping method, and focus  on surface functionalization 
on 2D TMDCs to tailor the electric and optical properties, together with that 
on device applications.  
 
Substitutional doping  
One approach to effectively dope 2D TMDCs, predicted by density 
functional theory calculations, is to replace lattice atoms with impurity 




the possible substitutional dopants at the Mo Site in MoS2 suggests that 
Niobium (Nb) is suitable as p-type dopant; while n-type doping does not 
appear possible since deep donor levels were found for variety substitutions127.  
Experimentally, substitutional dopants can be introduced during the synthesis 
process. As predicted, substitutional p-type doping by Nb in large area few-
layer films of chemical vapor deposited MoS2 with high hole density (3.1 × 
1020 cm-3) and relatively high room temperature mobility (8.5 cm2/Vs) has 
been demonstrated (Figure 1.10 a and b)130. Moreover, Komsa et al. observed 
electron-irradiation-induced formation of vacancies and filling of the 
vacancies with impurity atoms in HR-TEM experiments, prospecting for 
irradiation-mediated doping of 2D TMDCs (Figure 1.10 c-e)131. Interestingly, 
p-doping of MoS2 flakes can also be achieved by F- or O-contained plasma 
treatment132. Selected-area treatment of MoS2 films can create highly 
rectifying diodes, which is attributed to the formation of stable p-n junction 
combined by p-doping in pristine MoS2 flakes with intrinsic n-doping.  As 
shown in Figure1.10 f and g, such plasma-doped diodes exhibit high 





Figure 1.10 (a) Schematic of Nb-doping in CVD grown MoS2. (b) 
Temperature dependent Hall measurement on degenerately Nb-doped MoS2 
sample (p=1.5 × 1021 cm-3) showing no carrier freeze-out at 20 K. (c)–(e) 
Series of AC HR-TEM images demonstrating vacancy filling in MoS2. The 
left arrow (red) highlights an initial S vacancy that picks up an atom between 
(d) and (e), and the right arrow (green) indicates a S atom that is sputtered 
away between (c) and (d), forming a single vacancy. (f) Illustration of the 
electrical measurement setup of a back-gated MoS2 rectifying diode with 
selected area treated with plasma. (g) Semi-logarithmic plots of IDS-VDS 
characteristic curves (VG = 0V) of a SF6-treated diode, which were measured 0 
(dashed line) and 30 (solid line) days after the device fabrication. (a) and (b) 
reprinted from ref. 130, with permission from AIP Publishing LLC, Copyright 
2014; (b)-(e) reprinted from ref. 131, with permission from American Physical 
Society, Copyright 2012; (f) and (g) reprinted from ref. 132, with permission 
from AIP Publishing LLC, Copyright 2013.  
 
 
Charge transfer doping (Surface functionalization) 
Although substitutional doping and plasma functionalization form a 
stable system133,134, the structures of 2D TMDCs are inevitably disturbed by 
induced defects. In contrast, surface charge transfer doping by physically or 
chemically adsorption of dopant species on surface (surface functionalization) 
is a considerably simple, effective and high-throughput doping method with 




been reported by adopting many species, such as polyethyleneimine (PEI)135, 
tetrathiafulvalene (TTF)136, acetone and triethylamine (TEA)137 as n-dopants 
for MoS2. Moreover, in situ ARPES study provides a direct observation of 
doping effect of potassium on monolayer MoSe2 films with chemical potential 
raised by about 130 meV40. Interestingly, self-assembled monolayers (SAM) 
technique is also adopted138. By choosing appropriate terminal groups of 
SAMs with different dipole moments, modulation of work functions of 2D 
TMDCs by controlled surface transfer doping of bottom side can be realized. 
Recently, fluoroalkyltrichlorosilane-SAM acting as hole donors and 3-
(trimethoxysilyl)-1-propanamine-SAM as electron donors for MoS2 have been 
verified138. SAMs constructed on silicon substrate are not only utilized as 
controllable doping on bottom side of 2D TMDCs, but also applied for 
interface engineering between 2D TMDCs and substrate to enhance the 
transport performance of 2D TMDCs based transistors, which benefit from the 
ultrasmooth SAM surface to reduces interfacial impurity scattering. 
Such charge transfer doping represents a versatile method to 
functionalize 2D TMDCs for desirable applications, including: 
The tunability of the photoluminescence properties of 2D TMDCs  
Non-destructive charge transfer doping of 2D TMDCs via the 
functionalization by molecular adsorbates with different electron affinities can 
effectively tune the charge carrier concentration and further modulate the 
optical properties of 2D TMDCs. As mentioned in section 1.1.2, due to the 
significant Coulomb interactions in ultra-thin 2D materials, optically 




formation of many-body bound states may arise from the interaction between 
excitons and charge carriers, which have strong influence on PL properties.  
Recently, Tongay et al. demonstrated over 100 times modulation of PL 
efficiency of 2D TMDCs by physical adsorption of O2 and H2O molecules; 
while inert gases exhibit negligible impact139. This indicates that the PL 
properties are dominated by charge transfer from 2D TMDCs to electron 
accepted gas molecules. As shown in Figure 1.11 a, drastic enhancement in 
the PL intensity accompanied with a peak shift was observed when the 
monolayer MoS2 is exposed to O2 and H2O. MoSe2 shows similar behaviors 
when interacted with O2 and H2O; while p-type WSe2 shows an opposite 
behavior (PL suppressed after exposure to O2 and H2O). Following this report, 
Mouri et al. demonstrated that the PL properties of monolayer MoS2 can also 
be tuned utilizing a solution-based chemical doping method through the carrier 
extraction and injection between adsorbates and underlying monolayer 
MoS2140. As shown in Figure 1.11 b and c, the PL intensity of monolayer 
MoS2 is drastically enhanced when p-type dopants (F4TCNQ and TCNQ) 
cover its surface, which is attributed to the switching of the dominant PL 
process from the recombination of the negative trions to the excitons after 
electrons in monolayer MoS2 are depleted.  In contrast, the PL intensity is 
reduced by the NADH n-type dopant molecules due to the suppression of 
exciton PL as electron is accumulated in monolayer MoS2 to form trions. 
These findings offer new approaches for controlling the optical properties 
dominated by charge transfer between adsorbates and 2D TMDCs, which is 
unique in 2D TMDCs due to the combination of their large surface-to-volume 





Figure 1.11 (a) Change in PL of MoS2 (from its annealed but measured in 
vacuum value) upon exposure to H2O alone, O2 alone, and ambient air. Trion 
X− and exciton X0 peak positions are indicated. (b) PL spectra of 1L-MoS2 
before and after being doped with p-type molecules (TCNQ and F4TCNQ). (c) 
PL spectra of 1L-MoS2 before and after being doped with an n-type dopant 
(NADH). (a) reprinted from ref. 139, with permission from American 
Chemical Society, Copyright 2013; (b) and (c) reprinted from ref. 140, with 
permission from American Chemical Society, Copyright 2013. 
 
Contact doping for device optimization and realization of logic application  
As reviewed in section 1.1.3, the contact engineering for 2D TMDC 
based FET is crucial for optimizing the operation of electronic devices. 
Moreover, through proper contact engineering, both transistor polarities (n-
type and p-type) can be achieved in all 2D TMDCs, thereby resulting in 
realization of high-performance complementary logic applications. 
Specifically, Schottky barriers formed at the interfaces between 2D TMDCs 
and metal contacts determine the device polarity and carrier injection 
efficiency. Through contact engineering, the Schottky barrier height to the 
conduction or valence band of 2D TMDCs can be adjusted, leading to the 
realization of both device polarities and low contact resistances.  
Recently, Steven Chuang et al. demonstrated the realization of efficient 
hole injection by vertically inserting a high work function MoOx layer 




edge position and a strong Fermi-level pinning near the conduction band in 
MoS2, most MoS2-based FETs with various metal contacts to date exhibit n-
type behavior. Contact doping with MoOx between MoS2 and Pd enables the 
fabrication of p-type FET with current on/off ratio about 104 despite the 
Fermi-level pinning. On the other hand, the high valence band edge position of 
WSe2 readily yields p-type operation. Although WSe2 is easier to obtain p-
type FETs, more than 1 order of magnitude improvement in on-current is 
observed in the MoOx doped WSe2 device compared to the barely Pd 
contacted device. This on current enhancement is attributed to the lower 
Schottky barrier height and higher hole injection efficiency after MoOx doping. 
Furthermore, MoS2 Schottky diodes with asymmetric contacts (Ni as an 
electron contact and MoOx doped Pd as a hole contact) clearly display 
rectifying behavior.  
 
 
Figure 1.12 (a) Ids vs Vds characteristics for a representative MoS2 PFET with 
MoOx contacts. (b) Ids vs Vgs characteristics for WSe2 devices contacted with 
MoOx and Pd alone. (c) Temperature-dependent Id vs Vsd electrical 
characteristics of the diode. Insets: Schematic of related devices. Reprinted 






In addition to vertical contact doping to adjust Schottky barrier height as 
reviewed above, horizontal contact doping (defined as doping the channel 
region in the proximity of the metal contact) can reduce the Schottky barrier 
widths, thereby enabling efficient carrier injection through the barriers by a 
tunneling process. Recently, Javey’s group explored the horizontal contact 
doping effect on MoS2 and WSe2 using NO2142 and potassium (K)143 as 
efficient electron withdrawing and donating species, respectively. Top gate 
configuration was used in these studies with gate-source/drain underlapped by 
a distance of 300-500 nm.  For NO2 contact doping WSe2, as shown in figure 
1.13 a and b142, the exposed (underlapped) regions are highly p-doped due to 
the strong oxidizing property of NO2. A drastic on current enhancement by 
orders of magnitude is observed in the WSe2 FET after surface doping of the 
contacts by NO2, which is due to lowering of contact resistance by thinning 
the Schottky barrier width at the Pd/WSe2 interface for hole injection. 
Therefore, WSe2 based FETs with degenerately doped contacts exhibit a room 
temperature hole-mobility of ~ 250 cm2/(Vs) near ideal subthreshold swing of 
~60 mV/decade and high Ion/Ioff larger than 106. Following a similar strategy, 
good-performance top-gated MoS2 FETs with K (an efficient surface n-dopant 
due to the small electron affinity) surface transfer doping at contact are 
fabricated and exhibit an ohmic behavior with low contact resistances (Figure 
1.13 c and d)143. In particular, the degenerate n-doping of the contacts by K 
yields low resistance contacts to the conduction band of WSe2 for electron 
injection. Thus, WSe2 n-type FETs are demonstrated for the first time with 
electron mobility up to ~ 100 cm2/Vs (Figure 1.13 e and f). Based on this 




is realized and a complementary WSe2 inverter is fabricated (Figure 1.13 g 
and h)144. The p-FET was fabricated by utilizing high work function Pt 
contacts; while n-FET was obtained by surface transfer contact doping. As 
emphasized by these works, surface functionalization is a necessity for 
obtaining high-performance 2D TMDCs based FETs and logic circuits. 
However, NO2 and K doping is not air stable. In this regard, exploration of 
other dopant species with good air stability is needed in the future. 
 
Figure 1.13 (a) Schematic of a top-gated WSe2 ML-FET with chemically p-
doped S/D contacts by NO2 exposure. Here the top-gate acts as the mask for 
protecting the active channel from NO2 doping. (b) Transport characteristics 
of a device with L of ∼9.4 µm before and after NO2 patterned doping of the 
S/D contacts. (c) Schematic of a top-gated few-layer MoS2 n-FET with 
chemically n-doped S/D contacts by K exposure. (d) Output characteristics of 
a device (thickness of three layers, L ∼ 1 μm) before K doping at a back gate 
voltage of 0 V. (e) Schematic of a top-gated few-layer WSe2 n-FET, with 
chemically n-doped S/D contacts by K exposure. (f) Transport characteristics 
of a 3-layer WSe2 device (L ∼ 6.2 μm) as a function of K exposure time. The 
black curve is measured before doping, while the other curves from bottom to 
top after respective 1, 20, 40, 70, and 120 min doping. (g) Schematic of the 
WSe2 CMOS inverter, depicting the n- and p-FET components. (h) Voltage   
characteristics of a WSe2 CMOS inverter at different supply voltages. (a) and 
(b) reprinted from ref. 142, with permission from, American Chemical Society, 
Copyright 2012; (c)-(f) reprinted from ref. 143, with permission from 
American Chemical Society, Copyright 2013; (g) and (h) reprinted from ref. 




Other applications of surface functionalization in 2D TMDCs, such as 
work-function engineering of MoS2 by p- or n-doping treatments in polymer 
solar cells145 and surface-functionalized WS2 nanosheets as Li-ion battery 
anodes146, have also been reported. However, compared to the rapidly 
development in the field of 2D TMDCs based devices, studies on surface 
functionalization in 2D TMDCs is lacking and needed to be extended.  
 
1.2 Objective and scope of this thesis 
For atomically thin 2D TMDCs, the various types of interfaces play 
essential role in determining the device performance, such as the contact 
between electrodes and TMDCs, the interface between TMDCs and dielectric, 
and the interface between TMDCs and surface adsorbate. Although TMDCs 
have been widely studied with many new properties discovered and many 
applications proposed, more research efforts are still needed to better 
understand the interface physics. The aim of this thesis is to develop effective 
interface engineering approaches to manipulate the electronic, optical and 
optoelectronic properties of 2D TMDCs, with particular emphasis on the 
effect of surface functionalization on the single layer MoS2 based FETs and 
phototransistors.  
The thesis is organized as follows: Chapter 2 introduces various 
experimental techniques used for the preparation of MoS2. Detailed 
experimental results are presented in Chapters 3 to 6. Chapter 3 discusses the 
effects of C60 and MoO3 as surface modification layers on the MoS2 electronic 




MoS2 by Cs2CO3 is reported. In Chapter 5, the surface functionalization of 
gold nanoparticles (Au NPs) on MoS2 FETs is presented. Additionally, we 
investigate the in-situ evaluation of electrical transport properties during the 






Chapter 2 Experimental techniques 
 
In this Chapter, experimental methods utilized in this thesis are 
introduced, including sample preparation, device fabrication and various 
characterization techniques and facilities. In particular, the techniques adopted 
for investigation of the electrical and optical properties of MoS2 are discussed.  
 
2.1 Preparation of MoS2 
As reviewed in section 1.1.1 Chapter 1, there are a variety of preparation 
methods for 2D TMDCs. Here, adhesive tape based micromechanical 
exfoliation was adopted to prepare all samples, as this method can provide the 
highest quality of TMDC flakes to meet our research requirements. The 
detailed steps of this method are as follows: A flat and featureless MoS2 flake 
peeled from bulk MoS2 crystals (429MM-AB, SPI molybdenum disulfide, 
single crystals from Canada, SPI Supplies Inc., USA) was selected and gently 
placed on a torn piece of Scotch tape. The tape was then folded over the flakes 
followed by gently peeling the two linked-up segments from each other, which 
thins the MoS2 flake by producing new MoS2 flakes on the other side of tape. 
The same step was repeated continuously until MoS2 flakes become faint. 
After that, the tape with MoS2 area was placed over a freshly cleaned Si 
substrate covered by a 300nm SiO2 layer, followed by soft rubbing on top for 
one minute. The thickness of the SiO2 of 300 nm is optimized for optical 
detection of monolayer and few-layer MoS2147. Finally, the tape was removed 




of several micrometers) on the surface of the substrate with random 
thicknesses.  A high resolution optical microscope (Nikon Eclipse LV100D) 
was used to locate and identify the isolated MoS2 flakes based on their high 
optical contrast on 300nm SiO2 substrates147. A typical isolated MoS2 flakes 
on 300nm SiO2/Si substrate is shown in Figure 2.1. MoS2 with different layer 
numbers exhibit distinguishable contrast on the SiO2/Si substrate.  
 
Figure 2.14 Optical contrast of exfoliated MoS2 with different layers on 
300nm SiO2/Si substrate. 
 
 
2.2 Experimental techniques for device fabrication and measurements.  
2.2.1 Electron beam lithography 
Lithography technology is essential to fabricate micro- or nano- scale 
devices for integrated circuit manufacturing in electronics industry and 
exploration of nanoscale phenomenon in fundamental research. A lot of 
lithographic techniques have been developed using various exposure sources, 
such as photolithography, extreme untraviolet lithography, electron beam 
lithography (EBL), X-ray lithography and focused ion beam lithography148. 
Among them, EBL, which is the most common nanolitography technique, is 
capable of producing sub-100nm patterns due to the low diffraction limit of 




resolution. Although low throughput, it meets most research requirements, 
being suitable for complex patterns. Thus, we adopt this lithography method to 
fabricate all devices in this thesis. Figure 2.2 shows the basic steps for 
standard EBL method, which will be discussed in detail in the following part. 
 
Figure 2.15 Schematic process flow diagrams for standard e-beam lithography 
for device fabrication. 
 
First, polymer resist was spin-coated on top of the substrate with 
mechanically exfoliated MoS2 flakes. The polymer resist is an electron-
sensitive material that can adjust its solubility properties when exposed to 
electrons149. For positive resists, areas with electron exposure become more 
soluble for developing mixture while areas without electron exposure will 




be removed by the developing mixture. In our experiments, we mainly utilize 
conventional PMMA A7 950 as a positive resist. The thickness of the polymer 
resist determines the electron dosage used in EBL. The lithography pattering 
process was carried out in a FEI Nova NanoSEM 230 scanning electron 
microscope (SEM), shown in Figure 2.3150-152. The pattern to be exposed was 
pre-designed by Nanometer Pattern Generation System (NPGS) software 
together with suitable CAD package. After loading samples into the chamber, 
a focused electron beam scanned across the sample in high vacuum (~ 10-6 
mbar) to define given pattern on the resist. In our experiment, in order to set 
electrodes exactly on MoS2 flakes, a layer of alignment markers was needed to 
pattern first to determine the exact location of MoS2 flakes.  
Following the complete lithography process, the samples were developed 
in mixture solutions (MIBK: IPA 3:1) to remove the exposed region of 
PMMA resist. Electrical contacts were fabricated by metal deposition on top 
of patterned samples. For the fabrication of MoS2 based FET, conventional Au 
with adhesive chromium (Cr) were selected as the electrode metals. Finally, 
the remained resist together with needless metal layer were lifted off in hot 
acetone as resist removal solution. Figure 2.4 shows different steps for MoS2-





Figure 16 Photograph of Nova NanoSEM 230 scanning electron microscope 
system and schematic of typical EBL system150-152.   
 
 





2.2.2 Electrical measurement 
To carry out electrical measurement on the fabricated FET devices, the 
microsized electrodes should be connected to the external measurement circuit. 
First, the silicon wafer with the device on top was attached to a chip carrier 
using high purity silver paint. Alloyed aluminum wires were then used to 
make connections between the EBL defined electrodes and outer metal pads of 
the chip carrier using a wire bonder. The MoS2 channel can be electrically 
gated using the bottom gate of heavily doped silicon wafer when the bottom of 
chip carrier was linked to one of its pads. After wire bonding, the chip carrier 
can be plugged into a carrier socket, which was connected to electric 
measurement instruments and can be further loaded to vacuum chamber.  
The electrical measurements were performed in the atmosphere or high 
vacuum conditions (base pressure 10-7 mbar) using an Agilent 2912A 
precision source/measurement unit (SMU) with a minimum measurement 
resolution about 10 fA/100 nV153. In order to conduct in-situ electrical 
measurements to study the effect of surface modification on the electronic 
properties of MoS2-based FET, molecular beam deposition (MBD) technique 
was applied to evaporate various doping species under high vacuum. A quartz 
crystal microbalance (QCM) was used to monitor the deposition rate. Our 
home-made in-situ electrical characterization system is shown in Figure 2.5154. 
It is worth to mention that all the electrical circuits are shielded from external 
interference by metallic box or vacuum chamber, which results in low noise 





Figure 18.5 (a) Photograph154 and (b) schematic of our home-made in-situ 
electrical characterization system.  
 
2.2.3 Optoelectronic measurement 
Optoelectronic measurement can be employed directly to investigate light 
illumination induced photoconductivity change of MoS2-based devices. Figure 
2.6 schematically illustrates our optoelectronic measurement system. High-
intensity xenon light configured with monochromator was used as light source 
with adjustable power density up to 7.5 mW/cm2. The utilization of 
monochromator enables selection of light wavelength from infrared to 
ultraviolet region. The generated light was transmitted by optical fiber to the 
multi-location device measurement equipment. Before illuminating a device 
with light, optical fiber transmitted light was focused by two optical lenses, 
leading to a high power intensity. The optoelectronic measurement can be 
carried out in the atmosphere or high vacuum conditions. For in-situ 
optoelectronic measurements, samples were loaded into a small vacuum 
chamber (base pressure 10-7 mbar) equipped with a quartz window, which 




or gate-modulated conductivity can be measured, but also the complete 
wavelength dependent conductivity can be recorded.  
 
Figure 19 (a-c) photographs154 and (d) Schematic of our optoelectronic 
measurement system.  
 
2.3 Experimental techniques for spectroscopic studies 
2.3.1 Ultraviolet and X-ray photoemission spectroscopy  
In our experiments, the surface modification process of MoS2 with 
various species, involving interfacial charge transfer and band-bending, can be 
detected in situ by Photoemission spectroscopy (PES). The inset of Figure 2.7 
shows the schematic of PES. Electrons in a substrate can interact with 




from the atom, leading to the emission of the photoelectrons. The kinetic 
energy of the photoelectrons directly after emission can be determined by the 
Einstein equation: 
kin B sampleE h E                                                                                         (2.1) 
where Ekin corresponds to the kinetic energy of the emitted electrons, EB is the 
electron binding energy relative to the substrate Fermi level EF, and Фsample 
represents the sample work function. Typical setup for PES experiments 
contains a light source for irradiating photons to the surface of a sample, an 
electron energy analyzer for collecting and analyzing emitted photoelectrons, 
and a data collection system. Spectroscopy utilizing UV (< 100 eV) or X-ray 
(100-2000 eV) photons is called ultraviolet photoelectron spectroscopy (UPS) 
and X-ray photoelectron spectroscopy (XPS), respectively. 
UPS employs discrete lines of a discharge in a rare gas, mostly the He I line at 
21.22 eV to induce photoelectrons in the shallow valence region, thereby 
enabling exploration of valence band states. Figure 2.7 shows a representative 
UPS spectrum155, which comprises two parts: low kinetic energy secondary-
electron region and high kinetic energy valence band region. The secondary 
electrons arise from inelastical scattering process within the sample156. The 
linear extrapolation of the low-kinetic energy onset is the secondary electron 
cut-off (SECO). From the spectrum, the sample work function can be derived 
from the following relation:  




where , Fkin EE  and ,kin SECOE  correspond to the kinetic energy of the sample 
Fermi level and the SECO respectively, and the width of the spectrum w  is 
the kinetic energy difference between Fermi level and SECO. It is worth to 
mention that the spectrometer has different work function, thus a negative 
potential of a few volts need to be applied to samples to allow low kinetic 
energy electrons to overcome this barrier. Similarly, the linear extrapolation of 
the high-kinetic energy onset represents the highest occupied molecular orbital 
(HOMO) of organic films or the valance band edge of semiconductor films.  
 
Figure 207 Example of a typical PES spectrum showing the various energy 
levels. The inset displays the schematic of photoelectron emission process in a 
PES experiment. 
 
Compared to UPS, XPS explores core-level properties by adopting high 
energy photon generation source, most commonly the Kα line of aluminum at 
1486.6 eV and the Kα line of magnesium at 1253.6 eV. Based on the binding 




identified by XPS, since the binding energy value is a characteristic of a 
particular element. In addition to element identification, XPS is also useful for 
distinguishing the valence state of a given element, which is attributed to its 
sensitivity to the chemical environment. In this thesis, XPS is mainly utilized 
to study the chemical shifts in binding energy of particular elements caused by 
surface functionalization, which is a direct evidence of band bending at 
interface. 
Our PES experiments were performed in our custom-built multi-chamber 
UHV system with base pressure of about 10-10 mbar. Figure 2.8 shows the 
setup of our multi-chamber UHV system, which consists of three main 
chambers separated by gate valves: the load-lock chamber, the preparation 
chamber and the analysis chamber. The sample to be detected can be loaded in 
and transferred to any chambers by transfer arms. The preparation chamber is 
mainly used for sample degas and molecule or metal deposition, which is 
equipped with a manipulator that can heat the sample up to 600°C, several 
Knudsen cells or effusion cells for molecule or metal evaporation, and a QCM 
for monitoring deposition rate. The analysis chamber is mainly utilized to 
carry out PES experiments as this chamber is installed with a hemispherical 
electron analyzer with several light emission sources, such as a UV-lamp and 





Figure 21 Photography of the multi-chamber UHV system for PES 
experiments.  
 
2.3.2 Raman spectroscopy and photoluminescence spectroscopy 
As introduced in Section 1.1.2 Chapter 1, Raman spectroscopy is an 
effective tool to determine the number of 2D TMDCs layers and doping level. 
In a Raman process, photons are inelastically scattered (molecular vibrations, 
phonons or other excitations) inside the sample. During the interaction, a 
molecule is excited by absorbing a photon to a virtual energy state, and 
subsequently returns to a different vibrational state. The energy difference 
between this vibrational state and the original state results in a frequency shift 
of the emitted photon. If the scattered photon has the identical energy as the 
original incident photon, it is known as Rayleigh scattering. If the incident 
photon gives energy to the molecule and the emitted photon has a lower 
energy than the incident photon, this scattering processing is named as Stokes 




molecule and leads to emission of a higher energy photon, this process is 
called anti-Stokes Raman scattering157,158.  
 
Figure 229 different types of light scattering: Rayleigh scattering, Stokes 
Raman scattering and anti-Stokes Raman scattering. 
  
In addition to Raman spectroscopy, photoluminescence spectroscopy is 
also a powerful and nondestructive method for investigation of nanomaterials. 
In a typical photoluminescence process, electrons are excited by absorbing 
photons of energy higher than the bandgap of a detected sample. After 
relaxation with some energy loss, the excited electrons return to the ground 
state and emit a photon simultaneously159. The energy of the emitted photon 
corresponds to the energy difference between the excited state and the ground 
state. The Raman and photoluminescence spectroscopies were carried out in 




Chapter 3 Modulating MoS2 electrical transport and 
optical properties by surface overlayers 
 
3.1 Introduction 
As already discussed in Chapter 1, TMDCs have attracted much attention 
in last a few years due to their exotic properties19,73,75,142,160-163. Among them, 
intensive research efforts have been devoted to MoS2 for applications in 
optoelectronics164,165, photocatalysis166-169 and so on161,170. By establishing 
heterojunctions with other 2D materials, MoS2-based novel 
photoconductors171 and logic transistors172 have also been demonstrated. The 
electronic properties of single layer or few layer 2D materials such as 
graphene can be easily modulated by various surface modification layers143,173-
177, encompassing organic molecules173, metal films143, metal oxides174 and 
others. However, for MoS2, how surface modification layers modulate the 
electronic properties and hence the device performance is rarely reported and 
less understood. In this Chapter, through the combination of in-situ bottom-
gated MoS2 FETs device characterization and in-situ UPS and XPS 
measurements, the effects of surface modification layers (C60 and MoO3) on 
the modulation of electronic properties of MoS2 were carefully investigated. 
Moreover, the effect of the MoO3 on the photoluminescence and vibration 
properties of monolayer MoS2 was also demonstrated.  
C60 and MoO3 were utilized due to their wide applications in organic 
electronics174,178-184. C60 is a spherical molecule formed by 60 carbon atoms 




1985, it has opened up new research field and brought in tremendous amount 
of interesting findings. MoO3 has attracted great attention in heterogeneous 
catalysis and desulfurization processes and becomes an excellent candidate for 
gas sensing application among the semiconductor metal oxides186,187.  The 
energetically favored structure of MoO3 is orthorhombic structure with lattice 
constants a=3.962Å, b=13.855Å, and c=3.699Å188-190. This structure is 
characterized by the layered substructure which is inter-connected among its 
neighbors through weak Van de Waals interactions, as shown in Figure 3.1190. 
Recently, it was found that the thermal evaporated MoO3 film is amorphous n-
type semiconductor with a high work function and a large electron affinity 
(EA) and ionization potential (IP)180. All these features could facilitate the 
charge transfer at interface when MoO3 forming the physical contact with 2D 
materials, resulting in effective modulation of electronic transport properties 
of underneath materials.  
 
Figure 23.1(a) The structure of a buckminsterfullerene185 and (b) Crystal 
structure of orthorhombic MoO3 showing the layered structure along the (010) 
direction.  
 
It is found that C60 has negligible influence on MoS2 FET devices and 




charge transfer at the MoS2/MoO3 interface involving electron transferring 
from MoS2 to MoO3, hence largely depleting the electron charge carriers in 
MoS2 FET devices and enhancing the photoluminescence of Monolayer MoS2.  
 
3.2 Experiments details 
Figure 3.2 (a) shows the schematic illustration of bottom-gated MoS2 
transistor structure used in this study with C60 or MoO3 surface modification 
layers on top. Isolated MoS2 flakes on SiO2/Si (300 nm) substrates (Figure 3.2 
b) were prepared by mechanical exfoliation of natural MoS2 crystal (purchased 
from SPI supplies). The numbers of MoS2 layers were verified using optical 
contrast and atomic force microscopy (AFM) as previously reported162. The 
source and drain electrodes for the MoS2 FET in Figure 3.2 (a) were patterned 
by conventional electron-beam lithography followed by lift-off processes. 
Layers of Cr/5nm and Au/50nm were deposited by thermal evaporation. The 
fabricated MoS2 FETs were annealed under H2(5%)/Ar atmosphere at 200 oC 
for 2 hours before being wire-bonded and transferred to vacuum chamber to 
carry out room-temperature electrical measurement. The annealing process 
was used to improve the metal/MoS2 contacts and remove resist residues. The 
as-made device is shown in Figure 3.2 (c). The surface modification layers, 
C60 and MoO3 films, were evaporated in-situ from a Knudsen cell onto the 
MoS2 devices in the measurement chamber under high vacuum condition. The 
thickness of C60 or MoO3 layer was accurately monitored by QCM. It is 
noteworthy that all the electrical measurements in this study were performed 
at room temperature in vacuum (10-6 mbar) before and after the surface 




conducted with He I （21.2 eV）and Mg Kα (1253.6 eV) as excitation 
sources, respectively. Vacuum level shifts of the samples were determined 
from UPS spectra at the low kinetic-energy part with an applied sample bias (-
5 V). The nominal thicknesses of C60 and MoO3 molecule layers used in 
XPS/UPS spectra were estimated by measuring the attenuation of S 2p 
intensity of bulk MoS2 before and after the deposition process, and were 
further corroborated by QCM measurement.  
 
Figure 3.24 (a) Schematic illustration of the MoS2 FET layout with C60 or 
MoO3 film on top. (b) Optical microscope image of single-layer MoS2 flakes. 
(c) Optical microscope image of the fabricated device. 
 
3.3 Modulating MoS2 FET electronic transport properties by C60 
Figure 3.3 (a) presents the transport characteristics of a bare single-layer 
MoS2 transistor device as shown in Figure 3.3 (c). It reveals typical n-type 




reports73. The field-effect mobility µ, up to 9.6 cm2 V-1 s-1, is calculated from 
the equation  
0( / ) / ( / ) ( / ) / ,r ds g dsL W d dI dV V                                                    (3.1) 
where L = 1 µm and W ~ 1 µm are the channel length and width 
respectively, ε0 = 8.854 × 10-12 Fm-1 , εr = 3.9 for SiO2, and d = 300 nm for the 
thickness of SiO2. C60 molecules were deposited on top of the MoS2 FET with 
thicknesses increasing from 0 nm to 5 nm [See inset of Figure 3.3 (b)]. As 
shown in Figure 3.3 (b), the I-Vg curves (drain current vs gate voltage, line 
scale) are exactly overlapped for the single-layer MoS2 device before and after 
decoration with C60. This indicates that the adsorption of C60 molecules on 
single-layer MoS2 surface does not result in a significant change of electrical 
property in MoS2 device. Furthermore, the existence of C60 molecules even 
does not cause any device noise, suggesting that C60 layer can be a good 
surface protection layer for MoS2 FET devices. To further understand the 
interfacial interaction between C60 overlayer and MoS2 surface, we carried out 
in-situ UPS/XPS measurements of C60 on MoS2. Here we used bulk MoS2 as 
substrate for in-situ UPS/XPS experiments due to the lack of large size single 
layer or a few layer MoS2 samples. The evolution of the UPS spectra at the 
low-kinetic energy region is presented as a function of C60 thickness on bulk 
MoS2, as shown in Figure 3.3 (c). The vacuum level is almost aligned before 
and after the C60 deposition, suggesting the absence of charge transfer at the 
MoS2/C60 interface. This is consistent with the measured FET performance 
[Figure 3.3 (b)]. We also measured the evolution of valence band, Mo 3d and 




not observe any apparent band-bending like feature, indicating the weak 
interaction between C60 and MoS2. For a better interpretation, energy level 
diagram at the MoS2/C60 interface is shown in Figure 3.3 (d). The work 
function (ϕ), valence band and HOMO positions are derived from our UPS 
measurements. The band gap of MoS2 and transition gap of C60183 are taken 
from previous reports. It shows that the lowest unoccupied molecular orbital 
(LUMO) of C60 is much higher than the conduction band of MoS2, thus 






Figure 25 (a) Transport characteristic (I-Vg) of the monolayer MoS2 FET in 
log scale, where Vds = 40 mV. (b) Transport characteristics of the same device 
in high vacuum with increasing thickness of C60 overlayers. (In linear scale). 
Inset: schematic illustration of deposition of C60 on the MoS2 FET in vacuum. 
(c) UPS spectra at the low-kinetic energy region (secondary electron cut-off) 







Figure 26 Mo3d (a), S2p (b) and C1s (c) core level spectra during the 
deposition of C60 on top of MoS2 crystal. 
 
 
3.4 Modulating MoS2 electrical transport and optical properties by MoO3 
In contrast to the case of C60, the decoration by MoO3 significantly 
modulates the MoS2 FET electrical transport properties, as shown in Figure 
3.5 (a). After depositing 0.1 nm MoO3 on MoS2 device, the threshold voltage 
Vth is up-shifted by 70 V from ~ 0 V to ~ +70 V, indicating that MoO3 
modification can significantly deplete the (electron) charge carriers in MoS2 
FET device. The charge transfer at the MoS2/MoO3 interface was also 
investigated by in-situ UPS/XPS measurements. Figure 3.5 (b) displays the 
evolution of ϕ and S 2p as a function of the MoO3 thickness. After the 
deposition of 0.14 nm MoO3, the ϕ increases by 0.46 eV. The ϕ can be further 
increased as much as 1.6 eV when the thickness was 0.44 nm. It is well known 
that vacuum-deposited MoO3 film possesses a very high ϕ of 6.8 eV and 
intrinsically n-type semiconductor with Fermi level located 0.2-0.3 eV below 




the vacuum level is aligned at the MoS2/MoO3 interface, this can place the 
Fermi level and the conduction band of MoO3 much below the Fermi level and 
the valence band of MoS2, thereby facilitating a significant interfacial electron 
transfer from MoS2 to MoO3 once the physical contact between them is 
established. As a result, the electron charge carriers in MoS2 can be greatly 
depleted, consistent with our FET measurement in Figure 3.5 (a). Such 
significant interfacial electron transfer can also largely increase the ϕ, in good 
agreement with the UPS measurement in Figure 3.5 (b). The upward band-
bending in MoS2 associated with the strong interfacial charge transfer can be 
further verified by monitoring the evolution of MoS2-related S 2p and Mo 3d 
core-level spectra as a function of MoO3 thickness [Figure 3.5 (d) and (e)].  
Clearly, after the deposition of 0.44 nm MoO3, MoS2-related S 2p shifts to 
lower binding energy by about 1.04 eV, confirming the upward band bending 
in MoS2. For the Mo 3d spectrum of the clean MoS2 substrate, the MoS2-
related Mo 3d5/2 is located at binding energy around 229.42 eV. The small 
peaks at lower binding energy arise from S 2s core level component. During 
the deposition of MoO3, the Mo 3d5/2 component gradually shifts to the lower 
binding energy by ~1.06 eV, further confirming the band bending at the 
MoS2/MoO3 interface. Meanwhile, new peaks appear at about 232.22 eV and 






Figure 27 (a) Transport characteristics (I-Vg) for back-gated few-layer MoS2 
transistor before and after 0.1 nm MoO3 deposition in vacuum. (b) The sample 
work function and S 2p of MoS2 as a function of the MoO3 thickness. (c) 
Energy level diagram for MoS2/MoO3. The XPS core level spectra of (d) S 2p 





Figure 3.6 (a) shows typical PL spectra of monolayer MoS2 with and 
without MoO3 doping. The PL intensity of peak A is drastically enhanced with 
0.1 nm MoO3 doping, and almost saturated in the case of step 2 doping (about 
2 nm thickness of MoO3). The PL enhancement is attributed to the fact that the 
excitons recombination process is boosted without forming trions due to the 
electron depletion in MoS2 after MoO3 doping140. It is worth mentioning that, 
physical adsorption of O2 and H2O molecules from ambient can achieve over 
100 times PL intensity enhancement of MoS2, as reviewed in section 1.1.4 
Chapter 1139. Our MoS2 flakes were mechanically exfoliated from bulk 
crystals and PL experiment was conducted at ambient without annealing to 
drive away physical adsorbed molecules. Therefore, the enhancement of PL 
intensity by MoO3 is based on the effect of ambient molecules and easily 
reaches the saturation status. Raman spectroscopy was also applied to examine 
the changes caused in MoS2 by interaction with MoO3. Monolayer MoS2 
shows two first-order Raman-active bands assigned to E12g and A1g modes 
centered at 383.6 and 402.3 cm-1, respectively37. The A1g mode stiffens by 1.3 
cm-1 upon interaction with MoO3, accompanied by small shifts in E12g mode. 
All these demonstrations confirm that the optical properties of MoS2 can be 





Figure 28 (a) PL and (b) Raman spectra of 1L-MoS2 before and after MoO3 








3.5 Conclusion  
In conclusion, we have investigated the effect of surface modification 
layers on the MoS2 electrical transport properties through the combination of 
in-situ MoS2 FET device characterization and UPS/XPS measurements.  It is 
found that the decoration of C60 does not alter the electronic property of MoS2 
and keeps MoS2 FET device intact. The charge transfer at the MoS2/C60 
interface is negligible, suggesting that C60 could serve as an ideal capping 
layer to protect MoS2 FET devices. In contrast, the decoration of MoO3 results 
in significant charge transfer at the MoS2/MoO3 interface, depletes the 
electron charge carriers in MoS2, and hence greatly modulates the transport 
properties of the MoS2 FET devices. Our results can help pave the way for 
effective modulation of electronic properties by surface modification layers 
for their applications in future MoS2-related devices. Moreover, doping by 












Chapter 4 Electron-Doping Enhanced Trion Formation 
in Monolayer Molybdenum Disulfide Functionalized 
with Cesium Carbonate 
 
4.1 Introduction  
Monolayer MoS2 has dramatically different electronic and optical 
properties as compared to bulk MoS2, as thoroughly reviewed in section 1.1.2 
Chapter 1. Bulk MoS2 is an indirect-gap semiconductor with a bandgap of ~ 
1.2 eV; while monolayer MoS2 is a direct-gap (~1.8 eV) semiconductor due to 
quantum confinement effects15,17. Owing to the indirect-direct gap transition, 
enhanced photoluminescence in monolayer MoS2 has been observed51. It has 
recently been demonstrated that electrons can tightly bind with photo-excited 
electron-hole pairs to form negative trions in monolayer MoS2, a quasiparticle 
comprising two electrons and one hole60. The formation of trions can 
effectively modulate the photoluminescence in monolayer MoS260. This 
suggests that the optical properties in monolayer MoS2 can be manipulated by 
controlled electron- or hole-doping, such as via electrostatic doping by 
applying a gate voltage in FET configuration60, or via chemical/physical 
adsorption of electron withdrawing/donating surface 
layers127,136,139,140,143,191,192. It was also found that the coupling between 
electron and phonon can strongly influence the phonon frequencies136,193, 
making the A1g phonon mode extremely sensitive to the electron concentration 




precisely tune both the electronic and optical properties in monolayer MoS2, 
hence optimizing the optoelectronic device performance.  
One approach to effectively dope MoS2 predicted by density functional 
theory is to substitute an S atom with elements from halogen family (namely F, 
Cl, Br and I) or substitute Mo with transition metals127. Although 
substitutional doping forms a stable system, the structure of MoS2 is inevitably 
disturbed by induced defects. Another approach is to physically adsorb 
gaseous molecules on MoS2139. However, the physically absorbed molecules 
can be easily desorbed, making it difficult to realize a stable doped MoS2 
system. Chemical doping127,135,137,140 is considerably simple, effective and a 
high throughput doping method to tailor the properties of various materials.  
In Chapter 3, we have demonstrated the photoluminescence enhancement 
of MoS2 through electron depletion induced by MoO3 decoration. It would be 
interesting to check the electron doping effect on both the electronic and 
optical properties in monolayer MoS2. Recently, Hui et al. reported the first 
degenerate n-doping of few-layer MoS2 based FET using potassium (K)143. 
Cesium carbonate (Cs2CO3) is an efficient electron injection material in 
organic light-emitting devices (OLEDs) and can induce strong n-doping effect 
in various organic semiconductors194-200. In this Chapter, we report the 
effective and stable electro-doping (n-type doping) of monolayer MoS2 via 
surface functionalization using Cs2CO3, corroborated by the combination of 
in-situ FET device evaluation, in-situ UPS and XPS. The surface 
functionalization of Cs2CO3 can significantly increase the electron 
concentration in monolayer MoS2. These excess electrons can tightly bind 




strong suppression of the photoluminescence intensity, and a corresponding 
enhancement of the photocurrent in monolayer MoS2.  
 
4.2 Sample preparation and device fabrication 
Single- and few-layer MoS2 flakes were mechanically exfoliated from a 
bulk MoS2 crystal (SPI supplies) using adhesive tape, and transferred onto Si 
substrates with a 300 nm thermal oxide adlayer. A high resolution optical 
microscope (Nikon Eclipse LV100D) was used to locate and identify the 
isolated MoS2 flakes based on their high optical contrast on 300 nm SiO2 
substrates. Sample preparation detail is presented in Chapter 2 section 2.1. We 
identified the layer numbers of MoS2 flakes by combining the optical 
contrast163 and the difference of Raman frequencies between out-of-plane A1g 
and in-plane E12g Raman modes25, as shown in Figure 4.1. Raman 
measurements were performed using a single-mode solid-state laser (532-nm) 
under ambient conditions (Alpha 300 R). The Raman peak of Si at 520 cm-1 
was used as a reference for calibration. The difference of Raman frequencies 
between out-of-plane A1g and in-plane E12g Raman modes was 18.95 cm-1, 





Figure 29 (a) Optical microscope image of the single-layer MoS2 on a 300 nm 
SiO2/Si substrate (scale bar = 10 μm). (b) Raman spectrum of single- layer 
MoS2 on 300 nm SiO2/Si substrate. 
 
After mechanical exfoliation of MoS2 flakes onto Si substrates, 
PMMA(A7 950) resist was spin-coated on top of the samples. The source and 
drain electrodes were patterned by conventional electron-beam lithography 
followed by a developing process. 5/50 nm of Cr/Au were deposited by 
thermal evaporation (Nano36) followed by liftoff in hot acetone, cleaning by 
IPA and drying under N2. The as-made MoS2 FETs were wire-bonded and 
loaded into a high vacuum chamber (base pressure 10-7 mbar) custom 
designed for room-temperature electrical measurements. The electrical 
transport measurements were performed using an Agilent 2912A precision 
source/measurement unit.  
Figure 4.2 (a) shows a typical bottom-gated MoS2 FET device with a 
Cs2CO3 surface functionalization layer used in all electrical measurements. 
The optical microscope image of an as-made MoS2 FET device is shown in 




drain current as the function of gate voltage: Ids-Vg) of the MoS2 FETs 
measured in vacuum, exhibiting a typical n-type behavior and consistent with 
previous reports140,162. The output curve (source-drain current as the function 
of source-drain voltage: Ids-Vds) at Vg = 40 V in the inset reveals an ohmic 
contact behavior.  
 
Figure 30 (a) Schematic illustration of the MoS2 FET layout with Cs2CO3 
film on top. (b) Optical microscope image of one fabricated device. (c) 
Transpot characteristic (Ids-Vg) of the MoS2 FET, where Vds = 100 mV. Inset: 
output curve (Ids-Vds) acquired for Vg value of 40 V. 
 
 
4.3 Modulating MoS2 FET electronic transport properties by Cs2CO3 
surface functionalization 
To examine the effect of Cs2CO3 surface functionalization on the 
electrical transport properties of monolayer MoS2 FETs, Cs2CO3 films with 




FET. The Cs2CO3 was thermally evaporated in situ from a Knudsen cell onto 
the loaded MoS2 devices in the high vacuum chamber. The thickness of 
Cs2CO3 layer on the as-made devices was monitored by a QCM.  
Figure 4.3 (a) shows the transfer characteristics of a monolayer MoS2 
bottom gated FET device decorated with Cs2CO3 overlayers with different 
thicknesses measured in high vacuum, revealing obvious n-type doping of 
MoS2. From Figure 4.3 (a), we estimated the field effect mobility and electron 
concentration at Vg = 0 V as a function of the Cs2CO3 layer thickness, as 
shown in Figure 4.3 (b). The field-effect electron mobility µ was extracted 
using the equation 0( / ) / ( / ) ( / ) /r ds g dsL W d dI dV V    by fitting the linear 
regime of the transport curves in Figure 4.3 (a), where L and W are the 
respective channel length and width, vacuum permittivity	 ε0 = 8.854 × 10-12 F 
m-1 , relative	 permittivity	 of	 SiO2	εr	 ൌ	 3.9, and thickness of SiO2 d = 300 nm. 
The electron concentration n can be calculated from the field-effect mobility µ 
using the relation 1/ ( )nq  , where ρ is the resistivity of the MoS2 channel. 
As expected, the electron concentration rose rapidly with increasing Cs2CO3 
thickness, revealling effective n-type doping of monolayer MoS2 via Cs2CO3 
surface functionaliztion. Interestingly, the field-effect mobility was also 
enhanced with inceasing Cs2CO3 thickness. Five different MoS2 samples were 
used for Cs2CO3 doping experiments and all showed very similar transport 
behavior. We propose that the field-effect mobility enhancement was caused 
by the Cs2CO3 decoration, which can significantly weaken the scattering effect 





Figure 31 (a) Transport characteristics of the same MoS2 FET in high vacuum 
with increasing thickness of Cs2CO3 overlayers. (Vds = 100 mV) (b) Estimated 
field effect mobility and electron concentration at Vg = 0 V as a function of the 
Cs2CO3 film thickness. 
 
To have a better understanding of the n-doping mechanism of MoS2 
using Cs2CO3 surface functionalization, in-situ UPS/XPS measurements were 
performed to study the interfacial electronic structure at the Cs2CO3 and bulk 
MoS2 interface.  In-situ UPS/XPS experiments of Cs2CO3 on bulk MoS2 were 
carried out in our custom-built ultrahigh vacuum system with He I (21.2 eV) 
and Mg Kα (1253.6 eV) as excitation sources, respectively. The nominal 
thickness of Cs2CO3 was estimated by monitoring the attenuation of the S 2p 




calibrated by QCM.  The binding energy of all XPS/UPS spectra was 
calibrated to the Fermi level of a sputter-cleaned Ag substrate. A −5 V sample 
bias was applied during secondary electron cut-off measurements of UPS 
spectra to reveal the change of the sample work function. Thickness dependent 
UPS spectral evolution of Cs2CO3 on bulk MoS2 are shown in Figure 4.4 (a–
c).  With increasing coverage of Cs2CO3 on MoS2, there was a gradual shift of 
secondary electron cut-off towards lower kinetic energy [Figure 4.4 (a)], or a 
significant reduction of the work function of MoS2 from 4.50 eV (pristine 
MoS2) to 3.46 eV with the decoration of 1.7 nm Cs2CO3. The low work 
function of Cs2CO3 facilitates a significant interfacial electron transfer from 
Cs2CO3 overlayers to the underlying MoS2 once the physical contact is 
established. As a result, an apparent vacuum level shift or interface dipole was 
observed at the interface. As shown in Figure 4.4 (b) and (c), this work 
function reduction was accompanied by a downward band-bending of the 
MoS2 related valence band towards higher binding energy. Figures 4.4 (d) and 
(e) present the S 2p and Mo 3d core level spectra at selected thicknesses of 
Cs2CO3 on bulk MoS2. The S 2p3/2 peak shifted from 162.22 to 162.38 eV, and 
the Mo 3d5/2 peak shifted from 229.36 to 229.60 eV. The surface charge 
transfer doping arising from the functionalization of the low work function 
Cs2CO3 can lead to the Fermi level moving towards the conduction band 
minimum of MoS2 and band-bending emergence at the interface. Such 
downward band-bending is consistent with our UPS measurements and further 





Figure 32 (a) - (c) UPS spectra at (a) the low kinetic energy (secondary 
electron cut-off) and (b) and (c) low binding energy region (near the Ef) during 
the deposition of Cs2CO3 on bulk MoS2. The XPS core level spectra of (d) S 





4.4 Modulating optical properties of MoS2 by Cs2CO3 surface 
functionalization 
Figure 4.5 a (blue line) displays a typical photoluminescence spectrum of 
as prepared monolayer MoS2. Pronounced luminescence emissions were 
observed at about 1.84 eV (A) and 1.99 eV (B).These two peaks are associated 
with direct-gap transitions from the highest spin-orbital split valence bands at 
K (K’) point to the lowest conduction bands51. After decoration with Cs2CO3, 
the PL peak of monolayer MoS2 (peak A) was largely suppressed and 
broadened. The reduction of photoluminescence is attributed primarily to the 
formation of tightly bound trions60,140. The excess electrons induced by 
Cs2CO3 functionalization can effectively bind with photoexcited electron-hole 
pairs and form the negative trions in monolayer MoS2, thereby reducing the 
charge recombination and PL intensity of peak A60. This is in good agreement 
with a recent report of PL spectra change caused by FET back-gate doping60.  
A typical Raman spectrum of as-prepared monolayer MoS2 is shown in 
figure 4.5 b (blue line). The out-of-plane A1g and in-plane E12g Raman 
frequency were red shifted after decoration of Cs2CO3. The A1g phonon 
frequency downshifted by 3.6 cm-1, accompanied by a reduction in peak 
intensity and peak broadening. In contrast, only a 1.7 cm-1 frequency shift was 
observed for the E12g phonon with almost unchanged peak intensity and peak 
full width at half maximum (FWHM). In monolayer MoS2, A1g phonons 
couple much more tightly with electrons than E12g phonons136,193. Hence, 
electron doping leads to a significant change in A1g phonon peak; while the 





Figure 33 (a) PL and (b) Raman spectra of 1L-MoS2 before and after Cs2CO3 
(0.7 nm) doping at room temperature. 
 
We also evaluated the n-type doping effect on MoS2 based optoelectronic 
devices. The photocurrent of MoS2 device was enhanced about 5 times after 
decoration with Cs2CO3, as shown in Figure 4.6 (b).  Here, we define the 
photocurrent as the source-drain current difference with and without light 
irradiation. Photocurrent measurements were carried out using a 514 nm light 




condition. We propose that the electron-doping induced formation of trions 
can significantly reduce the recombination of photoexcited electron-hole pairs, 
resulting in photocurrent enhancement in monolayer MoS2 FET. Moreover, 
Cs2CO3 decoration can effectively reduce impurity scattering in MoS2 devices, 




Figure 34 (a) Typical transport curves (Ids-Vg) for the same device under light 
illumination and dark without and with Cs2CO3 decoration. (b) Photocurrent of 
the device as function of time of the illumination source at constant optical 
power without (orange line) and with (violet line) Cs2CO3, respectively. (Vds: 
20mV, Vg: 0 V) 
 
 
4.5 Air stability evaluation of Cs2CO3 doping effect 
For practical applications, it is crucial to check the air stability of this 
doping method.  Figure 4.7 shows the air exposure effect on a MoS2 FET 
decorated with 7 nm Cs2CO3. For comparison, the transport characteristics of 
the pristine MoS2 FET are also presented. For both the MoS2 device decorated 
with 7 nm Cs2CO3 and the pristine device, the Ids current of both devices 




significant compared to pristine MoS2 FET in air. Moreover, when we 
subsequently measured the n-type doped MoS2 FET under high vacuum, the 
Ids current was restored to its original value before air exposure. This indicates 
that the current drop during the air exposure is mainly attributed to the MoS2 
monolayer. In addition, after the sample was stored in air for 3 days (Figure 
4.8), the doping effect was still considerable, revealing good air stability of n-
type doping of MoS2 by Cs2CO3. As shown in the following Table 4.1, 
compared to the pristine MoS2 FET in air, the MoS2 FET with 8.7 nm Cs2CO3 
exhibits 6 times current enhancement immediately after being exposed to air. 
Moreover, the doping effect remains considerable (about 4.6 times larger SD 
current) after continual exposure in air for 3 days, indicating a good air 
stability of n-type doping achieved by Cs2CO3. Figure 4.8 b shows that the 
source drain current is even higher than pristine MoS2 tested in vacuum after 
continual exposure in air for 3 days, further confirming the good air stability 
of this doping method.  
 
 
Table 4.1 Air exposure test for MoS2 transistor with 8.7 nm Cs2CO3 on top 









Exposure about 3 
days 







                   
Figure 35 Transport characteristics of both bottom-gated MoS2 FETs with 7 
nm Cs2CO3 and the pristine MoS2 FET before and after air exposure. 
 
 
Figure 36 Transport characteristics of both bottom-gated MoS2 FETs with 
7nm Cs2CO3 exposed in air immediately (a) and exposed in air for 3 days (b), 






4.6 Conclusion  
In conclusion, we demonstrate effective n-type doping of MoS2 via 
surface functionalization with thermally evaporated Cs2CO3 thin films, as 
revealed by in-situ transport measurement on MoS2 FET devices and in-situ 
XPS/UPS investigations. After decoration of 1.7 nm Cs2CO3, the charge 
carrier (electron) concentration in MoS2 increases by about 9 times.  The 
dopant electrons strongly interact with photoexcited electron-hole pairs, 
leading to the emergence of trions and reduction of photoluminescence. The 
performance of MoS2 based phototransistor is also significantly improved 
after Cs2CO3 decoration. Moreover, the n-type doped MoS2 FET device 
possesses good air stability, which is crucial for practical device applications. 
This study promises a simple approach to realizing stable n-type doping of 2D 
materials, and tailoring their electronic and optical behavior for future 2D 













Chapter 5 Plasmonic enhancement of photocurrent in 
MoS2 field-effect-transistor 
5.1 Introduction   
As reviewed in section 1.1.3 Chapter 1, intensive research efforts have 
been devoted to the investigation of transition metal chalcogenide materials 
for diverse optoelectronic devices. MoS2, which consists of S-Mo-S layers 
bonded by van der Waals interaction, is a typical example of transition metal 
chalcogenide material family15-17,37,38. With reduced number of layers, sizable 
gap of MoS2 can be achieved, ranging from the indirect gap of 1.1 eV for 
bulk16 to the direct gap of about 1.8 eV for monolayer17. Benefiting from the 
strong absorption in the visible band, MoS2 has been widely used in 
photocatalysis168 and photodetection73,165 applications. Ultra-fast MoS2 based 
photodetectors have been demonstrated, with performance comparable to 
traditional photodetectors made of group III-V materials. Additionally, MoS2 
based photodetectors may facilitate practical applications with the rapid 
development of its large area production by chemical vapour deposition. 
However, monolayer or few-layer MoS2 films become weak light absorbers as 
the thickness decreases. One possible way of overcoming this restriction is to 
apply plasmonic nanostructures on top of MoS2 channel. Such nanostructures 
can efficiently absorb and convert light into plasmonic oscillations, leading to 
significant enhancement of local electric field, thereby resulting in a dramatic 
performance improvement of MoS2-based photodetectors. 
In this Chapter, we demonstrate a significant plasmonic enhancement of 




(NPs). The localized surface plasmon in Au NPs176,201-203 largely improves the 
light absorption cross section of the MoS2 layer underneath. It is also found 
that the gold-NPs decorated MoS2 transistor possesses a photocurrent response 
peaked at the plasmon resonant wavelength of around 540 nm. Furthermore, 
simulation result of Au NPs on MoS2 reveals local electric field enhancement 
due to surface plasma resonance, consistent with photocurrent measurements.  
 
5.2 Experiments details 
Figure 5.1(a) schematically shows the structure of our MoS2 field-effect-
transistor fabricated by the conventional electron beam lithography followed 
by lift-off process6. In this study, the few-layer MoS2 samples were 
mechanically exfoliated (scotch-tap method) from commercially available 
crystals of molybdenite (SPI supplies), and then transferred onto a SiO2/Si 
chip1. The thickness of the MoS2 flakes (4 to 5 layers) was measured by a 
combination of optical contrast [Fig. 1(b)]204 and atomic force microscopy 
measurements. Cr (5 nm)/Au (50 nm) was used as the source and drain 
electrodes, deposited by thermal evaporation. The inset in Figure 5.1 (c) shows 
the SEM image of the fabricated device with a channel length of 1 µm. The 
as-fabricated devices were then decorated by dripping and drying a drop of Au 
NPs (15 nm in diameter) solution. Au NPs were synthesized according to 
Frens’ method205. In a typical synthesis, 100 ml HAuCl4 (0.01% w.t. in H2O) 
was heated for 10 min, followed by adding 3.5 mL of sodium citrate (1% w.t. 
in H2O) into the solution. The mixture was heated for another 30 min before 
cooling down to room temperature. The SEM image of gold NPs on MoS2 




uniform diameter of ~ 15 nm. It is worth noting that the electrical and optical 
measurements were carried out on the same MoS2 transistor devices before 
and after the Au NPs decoration process. 
 
Figure 37 (a) Three-dimensional schematic view of the MoS2 transistor. (b) 
Optical image of MoS2 (4 to 5 layers) deposited on top of 300 nm SiO2/Si 
substrate. Scale bar, 20 μm. (c) Scanning electron microscopy image of Au 
nanoparticles on MoS2 surface. Scale bar, 100 nm. Inset: Scale bar, 5 μm. 
 
5.3 Photocurrent measurements of MoS2 FET with Au NPs. 
We carried out electrical characterizations of our MoS2 transistor at room 
temperature under atmospheric condition. The transport curves (source drain 
current vs. gate voltage) for the back-gate MoS2 transistor are presented in 
Figure 5.2 (a), revealing typical n-type semiconducting property. From the 




MoS2 transistor based on the following equation73: 
0( / ) / ( / ) ( / ) /r ds g dsL W d dI dV V    , where L and W are the channel length 
and width, respectively (here L/W = 1 μm / 8 μm), ε0 = 8.854 × 10-12 Fm-1  , εr	
ൌ	 3.9	 for	 SiO2, d = 300 nm for the thickness of SiO2. The value of the charge 
carrier mobility (μ ) is estimated to be 7.5 cm2 V-1 s-1, in good agreement with 
previous reports on back gate MoS2 transistors75. Note that the Cr/Au contacts 
used in our device are ohmic, as the source–drain current (Ids) depends linearly 
on the source drain voltage (Vds) [Figure 5.2 (a) inset] with the gate voltage 
varied from 0 to 80 volt.  
Photocurrent measurements on MoS2 transistor were performed using 
514 nm light source under constant optical power. Figure 5.2 (b) shows the 
typical current measurement of our MoS2 device as a function of gate voltage 
with and without light illumination at fixed source–drain voltage of 200 mV. 
Obviously, the recorded source–drain current under illumination was raised 
when compared with that under dark conditions. The electron concentration n 
can be estimated using the relation 1/ ( )nq  , where ρ is the resistivity of 
the MoS2 transistor device27. The calculated value of electron concentration 
for MoS2 transistor device under light illumination is 23.8 ൈ	 1015 cm-3, which 









Table 5.1 Charge carrier mobility and electron concentration for MoS2 
transistor. 
 









(cm2 V-1 s-1) 




12.6 23.8 4.60 45.6 
 
Figure 5.2 (c) and (d) show the transport characteristics for the same 
MoS2 transistor device decorated with Au NPs. It is found that the Au NPs 
decoration induced a slight threshold voltage shift towards positive gate 
voltage, possibly attributed to an uncontrolled  doping effect from the H2O 
solvent during the NPs decoration process, or the charge carrier (electron) 
trapping at the interface between MoS2 and SiO2 dielectric in the presence of 
H2O. Under light illumination, the source-train current was significantly 
increased. Obviously, as shown in Figure 5.2 (d) and Table 5.1, the charge 
carrier concentration of the Au NPs decorated MoS2 transistor under light 
illumination was almost one order of magnitude higher than that under dark 
condition, i.e., n increased from 4.60 × 1015 cm-3 (dark) to 45.6 × 1015 cm-3 





Figure 38 (a) Transport characteristics (I-Vg) for the back-gated MoS2 
transistor. Inset: Ids – Vds curves acquired for Vbg values of 80, 60, 40, 20 and 
0 V. (b) Typical transport curves (I-Vg) for the same device under light 
illumination and dark condition. (c) Transport characteristics (I-Vg) for the 
same MoS2 transistor with Au nanoparticles deposited on top. (d) Typical 
transport curves (I-Vg) for the same device under light illumination and dark 
with Au nanoparticles deposited on top.  
 
Figure 5.3 (a) clearly demonstrates the photocurrent enhancement in 
MoS2 transistor device decorated with Au NPs under 514 nm light 
illumination. To verify the plasmonic nature of the photocurrent enhancement, 
we measured the photocurrents as a function of excitation light wavelengths at 
constant optical power [Figure 5.3 (b) and (c)]. For the intrinsic MoS2 device 
[Figure 5.3 (b)], the photocurrent remains almost constant with the light 




dramatically for the longer wavelength, clearly revealing the photocurrent 
generation via the bandgap excitation17,73. In contrast, for the same device 
decorated with Au NPs [Figure 5.3 (c)], we observed enhancement of the 
photocurrent for all the wavelengths shorter than 660 nm. The photocurrent 
enhancement peaks at ~ 540 nm, consistent with the UV-vis absorption 
spectrum of 15 nm Au NPs in solution [Figure 5.3 (d)]. Therefore, we propose 
that the localized surface plasmon in Au NPs gives rise to the enhancement of 
local optical field in the vicinity of Au NPs and thus the light absorption of the 
MoS2 layer underneath, thereby resulting in the wavelength-dependent 
photocurrent enhancement of our MoS2 device201.  Moreover, these individual 
localized surface plasmon oscillations in neighboring Au NPs can effectively 
couple together to further enhance the photocurrent206,207. However, our 
experimental results could not exclude the possibility of the photocurrent 
enhancement caused by the injection of the resonantly excited electron in Au 





Figure 39 (a) A comparison of the outputs of device under 514 nm light 
illumination without and with Au NPs in small gate voltage range (< 20 V). (b) 
and (c) Photocurrent of the device as a function of excitation wavelength of 
the illumination source at constant optical power without and with Au 
particles, respectively. (SD Voltage: 200 mV, G Voltage: 20 V)  (d) 
Ultraviolet-visible (UV-vis) spectra of Au nano-particles in solution. Inset: A 
transmission electron microscopy (TEM) image of Au nano-particles (15 nm). 
Scale bar: 50 nm. 
 
5.4 Simulations on Enhanced Light Intensity by Surface Plasma in Au 
Sphere 
The calculation was carried out using a commercially available finite-
element-method (FEM) software. The model comprises an ideal gold sphere 
on top of MoS2/SiO2 substrate (MoS2: 3 nm; SiO2: 200 nm). Light with E-field 
polarized along the x direction was shone over the Au/MoS2/SiO2 structure in 




wavelength of light was varied from 400 to 800 nm. The intensity of the 
incident light was kept constant at E0 = 1 V/m. 
 
 
Figure 5.40 Cross-section view of the norm of the E-field distribution (color-
coded). 
 
Figure 41 E-field enhancement as a function of wavelength. The peak is 
possibly due to surface plasma resonance. 
 
 
A typical simulation result of the norm of the E-field is shown in Figure 
5.4, clearly demonstrating that the E-field is enhanced near the NP. The 




Au NP, is presented in Figure 5.5 as a function of the wavelength of light, 
showing a peak centered around 548 nm due to surface plasma resonance, 
which is consist with experimental FET results.  
 
5.5 Conclusion 
We have demonstrated that the photocurrent of MoS2 transistor device 
can be increased significantly by decorating the MoS2 sheet with plasmonic 
Au nanoparticles. Combining the thin MoS2 sheet with plasmonic Au NPs 
produces enhanced local optical field, which can contribute to the enhanced 
absorption of light in the MoS2 transistor device. In addition, the device shows 
maximum photocurrent enhancement at the wavelength corresponding to the 
Au nanoparticle plasmon resonance.  Therefore, it is possible to realize MoS2 
based wavelength-selectable photodetection by tailoring the size and shape of 










Chapter 6 Probing the interfacial interaction between 
monolayer MoS2 and Au nanoclusters 
6.1 Introduction 
  As mentioned in previous chapters, MoS2 has attracted enormous 
academic interest because of its outstanding electronic and optical 
properties73,75,164,166,172,210. The band structure transition of single layer MoS2 
from their bulk form bring about fascinating electrical and optical properties 
and widespread applications51,75,165,210. Moreover, a surprising emergence of 
photoluminescence in single layer MoS2 is observed with much higher 
luminescence quantum efficiency than that of the multilayer form, as a result 
of the transition to direct bandgap51. Such capability suggests promising 
applications for new types of optoelectronics, such as photovolataics101 and 
optical sensing73,162.  
In order to further extend other applications, the electronic and optical 
properties of MoS2 must be optimized. Intensive research efforts have been 
devoted to the functionalization of MoS2126,127,135,137,140,143,211,212, following 
similar approaches employed for graphene173,177,213,214.  As shown in previous 
chapters, the mobility and charge carrier concentration of MoS2 can be 
modulated by application of various organic molecules126,127,135,137,143,192,215.  
Furthermore, chemical doping with small molecules provides a great 
advantage in controlling the photoluminescence properties of single layer 
MoS2139,140. Among variety of functional materials, noble metal nanoparticals 
or nanoclusters21,101,211,212,215-218 are widely used to modify 2D materials to 




photocatalytic performance could be enhanced for water-splitting when 
loading Au NPs onto MoS2 nanosheets216. In Chapter 5, we demonstrated the 
plasmonic enhancement of photocurrent in MoS2 FET decorated with Au NPs, 
with significantly enhanced photocurrent peaked at the plasmonic resonance 
wavelength162. However, the interfacial physics between Au and MoS2 and the 
resulting optical behavior still require further exploration. 
As mentioned in section 1.1.3 Chapter 1, a prominent challenge for 
realizing the application potential of MoS2 is the metal contact engineering. 
Choosing appropriate contact metal is essential for obtaining a high-quality 
electrical contact to facilitate efficient charge carrier injection and to 
accelerate heat dissipation. Moreover, the thermal deposition process may also 
impact the electronic and optical properties of MoS2 underneath. Therefore, it 
is essential to study the interface between Au and MoS2 to provide a better 
insight into electronic transport in MoS2 based devices.  
In this Chapter, we investigate the initial growth mode of Au on MoS2, 
probe the interface interaction between single layer MoS2 and Au nanoclusters, 
verified by the combination of in-situ FET device evaluation, in-situ UPS and 
XPS. The effect of Au nanoclusters on photoluminescence properties and 
Raman frequency of MoS2 are also studied. Our results have significance for 
future device application based on MoS2. 
 
6.2 Device fabrication 
Figure 6.1a shows a typical bottom-gated single layer MoS2 transistor 




Figures 6.1 b and c show the optical microscopy images of the patterned MoS2 
device on silicon oxide wafer, where highly uniform single layer MoS2 film 
(Figure 6.1 b) connect to multilayer flakes can be clearly identified. 
Experimental details are similar to those in Chapters 3 and 4.  
 
Figure 42 (a) Schematic cross section a single layer MoS2 FET. The channel 
is MoS2 with Cr/Au as electrode contact. Au nanoclusters were thermal 
deposition on a MoS2 FET device from an effusion cell. (b) and (c) Optical 
images showing the prepared MoS2 flakes and the fabricated MoS2 FET 





6.3 Investigation of the initial growth mode of Au on MoS2 and its effect 
on transport properties of MoS2 FET 
Au was in situ thermally evaporated from a hot lip effusion cell onto the 
fabricated MoS2 devices. A QCM was used to monitor the deposition rate of 
Au. It’s well known that thermal deposition of metal on flat surface may 
induce the formation of nanoclusters. The level of such clustering is 
determined by the relative strength of metal-MoS2 and metal-metal 
interactions. Therefore, it is necessary to check the morphology of Au on 
MoS2. Figure 6.2 shows the morphologies of Au (nominal thickness 12 Å) on 
MoS2 as characterized by AFM under tapping mode. Thermal evaporation of 
Au on the SiO2 and MoS2 surfaces leads to the formation of Au nanoclusters. 
The Au nanoclusters homogeneously distributed on the surface of SiO2 with 
diameter of about 15 nm. In contrast, larger Au nanoclusters randomly 
scattered on MoS2 surface with diameter of around 25 nm. The discrepancy 
between the Au nanocluster morphologies on SiO2 and MoS2 arises from 





Figure 43 AFM height images of prepared MoS2 on SiO2/Si substrate with Au 
nanoclusters deposited on top. The scanning area is (a) 10 µm, (b) 2 µm, (c) 




The electrical measurements of fabricated MoS2 FETs were performed in 
high vacuum conditions (base pressure 10-7 mbar) using an Agilent 2912A 
precision SMU. The pristine MoS2 FET shows typical n-type features before 
Au decoration (Figure 6.3 a, black line). Au was slowly and precisely 
deposited on top of MoS2 surface with varied nominal thickness from 0.5 Å to 
12 Å. Electrical measurements show that the decoration of Au onto the single 




gated FET device (Figure 6.3 a). The source-drain current was enhanced after 
decorated with 0.5 Å Au but rapidly dropped by further increasing the 
thickness. We also calculated the filed-effect mobility and electron 
concentration at 40 V gate bias. The field-effect mobility can be simply 
extracted from the linear regime of output curves using the equation192 
0( / ) / ( / ) ( / ) /r ds g dsL W d dI dV V     where W and L are the channel width 
and length, respectively (here W/L ~1), Vds the source-drain voltage (50 mV), 
ε0 the vacuum permittivity (8.854 × 10-12 F m-1), εr	 the	 relative	 permittivity	
of	 SiO2	ሺ3.9ሻ, and d the thickness of SiO2 (300 nm). The electron concentration 
can be estimated from field effect mobility by192: 1/ ( )nq  , where ρ is the 
resistivity of the MoS2 channel at given gate bias. The thickness dependence 
of the estimated field effect mobility and electron concentration at Vg = 40 V 
is shown in Figure 6.3 b. In particular, the mobility increased dramatically 
after the coating with 0.5 Å Au. It is well accepted that coulomb potential 
from trapped charges in substrate is the main reason for the low mobility in 
MoS2 devices74,90. The decoration of a small quantity of Au on MoS2 can 
partially screen the trapped charges and hence improve the electron mobility. 
By further increasing the Au thickness, however, the mobility decreases. This 
suggests that the further deposited Au can scatter the charge carriers and affect 
the mobility of MoS2 FET. As shown Figure 6.3 b, the electron concentration 
increased almost linearly with the amount of the deposited Au.  The 
magnitude of the rise of electron concentration is relatively small, implying 
the absence of chemical interaction211 and existence of a very weak charge 





Figure 44 (a) Transport characteristics of the MoS2 FET in high vacuum with 
increasing thickness of Au nanoclusters. (Vds = 50 mV) (b) Estimated field 






6.4 Probing the MoS2/Au interface interaction and the effect of Au 
deposition on the optical properties of MoS2 underneath 
In-situ UPS and XPS measurements were applied to reveal the interfacial 
interaction between bulk MoS2 and Au nanoclusters. The experiments were 
performed in a custom-built ultrahigh vacuum system with a base pressure 
about 6× 10-10 mbar. The surface of MoS2 crystal was cleaved in air and baked 
for 3h at 330 °C in high vacuum preparation chamber. The Au nanoclusters 
were in situ thermally evaporated from the same hot lip effusion cell with 
equal evaporation temperature. Deposition rate of Au growth was pre-
calibrated by a QCM under similar growth condition. The nominal thickness 
of the Au nanoclusters was further estimated from the attenuation of the Mo 
3d peaks intensity from the MoS2 crystal before and after deposition. He I 
(21.2 eV) and Mg Kα (1253.6 eV) were used as excitation sources for UPS 
and XPS measurement. All the UPS/XPS measurements were carried out at 
room temperature. A -5 V bias was applied to the substrate to collect the low 
kinetic energy part. The UPS/XPS experimental details can be found in 
Chapter 2.   
Figure 6.4 shows the evolution of the thickness dependent UPS spectra of 
Au nanoclusters on clean MoS2 crystal. The bottom spectra in Figure 6.4 a-c 
correspond to the pristine MoS2 crystal. As shown in Figure 6.4a, the pristine 
MoS2 possesses a work function of 4.66 ± 0.02 eV. Upon the sequential 
deposition of Au, the vacuum level was nearly aligned. This indicates a weak 
interfacial interaction between Au and MoS2 substrate, consistent with our in-
situ FET device evaluation.  Moreover, we did not observe any apparent band-




Au (Figure 6.4 b and c), further confirming the weak interaction between Au 
and MoS2. The interaction between Au and MoS2 was further evaluated by in-
situ XPS measurement, Figure 6.5 shows the Au 4f, S 2p and Mo 3d core level 
spectra with selected Au thickness on MoS2. Clearly, the binding energy of all 
core levels shows negligible shift after Au decoration, indicating the absence 
of chemical interaction at the Au/MoS2 interface.  
 
 
Figure 6.45 (a) - (c) UPS spectra at (a) the low kinetic energy (secondary 
electron cut-off) and (b) and (c) low binding energy region (near the Ef) during 
the deposition of Au on bulk MoS2.  
 
 

























Figure 46 The XPS core level spectra of (a) Au 4f, (b) S 2p and (c) Mo 3d 
during the deposition of Au on bulk MoS2. 
 
We also investigated the influence of Au nanoclusters decoration on 
photoluminescence and vibration properties of single layer MoS2, as shown in 
Figure 6.6. Photoluminescence and Raman spectra were collected at room 
temperature on an Alpha 300 R microscopy system (laser wavelength 532 nm). 
The Raman peak of Si at 520 cm-1 was used as a reference to calibrate the 
spectrometer.  
Figure 6.6 a (blue line) displays a typical photoluminescence spectrum of 
single layer MoS2 with two prominent peaks located at around 1.86eV (A) and 
2.01eV (B). These two peaks arise from the direct transitions at K point of the 
Brillouin zone between the highest spin-orbital split valence bands and lowest 
conduction bands219. After Au nanoclusters decoration, the PL intensity of 
single layer MoS2 was largely suppressed. As shown in Figure 6.3 a, Au 
decoration can slightly increase the electron charge carrier concentration. This 
can enhance the formation of the negatively charged trions and hence reduce 
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we did not observe any obvious peak position shift of peak (A). Therefore, the 
slight electron doping in MoS2 is not the main reason to cause the PL intensity 
reduction. Because of the large electron affinity of Au, the photon-excitation 
induced electron in MoS2 can be trapped by Au nanoclusters, and hence 
prevent the charge recombination, thereby largely suppressing the 
photoluminescence in single layer MoS2.  
The Raman spectrum of the pristine single layer MoS2 (Figure 6.6 b) 
possesses two prominent peaks, arising from the out of plane Raman mode 
(A1g) at and the in plane mode (E12g), respectively37,136,193. The decoration of 
Au nanoclusters has a negligible influence to the E12g in plane mode, but 
induces a slight blue shift from to for the A1g out of plane mode. The 
decoration of Au nanoclusters on MoS2 can increase the effective mass along 





Figure 47 (a) PL and (b) Raman spectra of 1L-MoS2 before and after Au 









6.5 Conclusion  
In summary, we have systematically investigated the interfacial 
interactions between single layer MoS2 and Au nanoclusters by in-situ MoS2 
FET device evaluation. In-situ UPS/XPS measurements reveal that Au 
nanoclusters weakly interact with the single layer MoS2. The decoration of 
small amount of Au nanoclusters can screen the trapped charges in the single 
layer MoS2 and hence improve the electron mobility. As indicated by in-situ 
FET device characterization, electron concentration can slightly increase after 
the Au decoration. Moreover, the decorated Au nanoclusters can trap the 
photon-excitation induced electrons, and hence reduce the charge 



















Chapter 7 Conclusions and outlook 
 
7.1 Thesis summary 
This thesis explored unique electronic and optical properties of surface-
modified MoS2. We aim to study the molecular/MoS2 interface physics, and 
the interface engineered electrical transport and optical properties of single 
layer MoS2. After surface decoration with MoO3, C60, Cs2CO3 and some metal 
nanoparticles or films, many promising electronic and optical properties 
distinct from pristine MoS2 have been revealed. In-situ electrical transport 
measurements were performed device characterization as well as evaluation of 
doping effect from surface layers. UPS and XPS measurements were utilized 
to provide deep-insight information of interface physics. PL and Raman 
measurements were also employed to investigate the optical properties.  
In Chapter 3, in-situ bottom-gated MoS2 FETs device characterization 
and in-situ UPS/XPS measurements were combined to investigate the effect of 
surface modification layers of C60 and MoO3 on the electronic properties of 
single layer MoS2. It is found that C60 decoration keeps MoS2 FETs 
performance intact due to the very weak interfacial interactions, making C60 as 
an ideal capping layer for MoS2 devices. In contrast, decorating MoO3 on 
MoS2 induces significant charge transfer at the MoS2/MoO3 interface and 
largely depletes the electron charge carriers in MoS2 FET devices. The PL 
intensity of MoS2 was drastically enhanced by the adsorption of MoO3, which 
is explained by the suppression of the negative trions formation and hence the 




In contrast to adsorption of p-type dopants, we report effective and stable 
electron-doping of monolayer MoS2 by Cs2CO3 surface functionalization in 
Chapter 4. The electron charge carrier concentration in exfoliated monolayer 
MoS2 can be increased by about 9 times after Cs2CO3 functionalization. The 
n-type doping effect was evaluated by in-situ transport measurements of MoS2 
FETs, which is further corroborated by in-situ UPS/XPS, and Raman 
scattering measurements. The electron doping enhances the formation of 
negative trions in monolayer MoS2 under light irradiation, and significantly 
reduces the charge recombination of photo-excited electron-hole pairs. This 
results in large photoluminescence suppression and an obvious photocurrent 
enhancement in monolayer MoS2 FETs.  
MoS2 has attracted considerable attention for numerous applications in 
optoelectronics. For practical device applications, one of the primary 
challenges is to maximum light-MoS2 interactions. In Chapter 5, we 
demonstrate a plasmonic enhancement of photocurrent in MoS2 FETs 
decorated with Au NPs, with significantly enhanced photocurrent peaked at 
the plasmon resonant wavelength around 540 nm. Our findings offer a 
possibility to realize wavelength selectable photodetection in MoS2 based 
phototransistors. 
A better understanding of the interfacial interaction between monolayer 
MoS2 and Au is crucial for optimization of device performance, as Au is 
widely used as a material for surface modification as well as an electrodes 
material. Therefore, we investigated the in-situ evaluation of electrical 




where Au assembles into nanoclusters. In Chapter 6, we probe the Au/MoS2 
interface by monitoring the device performance based on back-gated MoS2 
FETs by gradually decorating Au nanoclusters on top. We observe mobility 
enhancement at small amount of Au nanoclusters, which declines hereafter, 
with slight electron transfer from the Au nanoclusters to the MoS2 channel. 
The weak dependence of electron concentration on Au nanoclusters thickness, 
combined with in-situ UPS/UPS measurements, reveals he nature of weak 
interaction at the Au/MoS2 interface.  The absence of strong charge transfer 
from Au nanoclusters to MoS2 is further confirmed by the photoluminescence 
and Raman spectra of single layer MoS2 decorated by Au nanoclusters. The 
out-of-plane A1g phonon is stiffened after Au nanocluster decoration; whereas 
the in-plane E12g phonon remains essentially unchanged. These findings are 












7.2 Future work 
Complementary doping is essential for high-performance circuit 
applications based on MoS2 FETs. In Chapters 3 and 4, we have achieved 
electron-doping and electron depletion in MoS2 with different type of dopants. 
However, a key unsolved issue is to realize effective p-type doping of MoS2 
based FETs. One approach to realize p-type performance is to combine strong 
p-type dopants with channel materials, switching majority charge carrier type 
from electron to hole. Another approach is contact engineering through 
chemical doping at contact region. The chemical doping can adjust Schottky 
barrier at metal/semiconductor interface and modulate the work function of 
metal electrodes, facilitating charge carrier injection. This phenomenon may 
also be an interesting direction for future work.  
For optoelectronic applications, approaches for boosting light absorption 
and enhancing PL efficiencies need to be demonstrated. There are several 
methods to achieve maximum light absorption in MoS2. One of them is to 
utilize localized surface plasmons. In Chapter 5, we have studied the 
plasmonic enhancement of Au NPs on MoS2 surface. However, the effects of 
different arrangements of NPs, different sizes of NPs and even the 
composition of the   NPs remain unknown. Therefore, future work on the 
plasominc enhancement of MoS2 with well controlled NPs arrangement and 
size distribution is required. Moreover, with the help of standard lithography 
processes, other well-designed plasmonic structures can be employed on MoS2. 
Wavelength selectivity could be achieved by applying plasmonic structures 




In addition to applications in functional electronic circuits and 
optoelectronics, more work is needed to develop novel applications of surface 
modified 2D TMDCs, such as applications in sensing. Being layered 
semiconductors, members of the TMDCs family make natural partners for 
each other to form heterostructures. Combining the unique properties of 
different materials in hybrid heterostructures may realize new devices with 
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